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ABSTRACT
Primitive chondrite components in six carbonaceous chondrites, Bencubbin, HaH 237, Gujba,
Isheyevo, Acfer 209 and Acfer 094 were studied to examine the complex thermal histories of
individual particles. Significant information about the origin and evolution of the solar nebula is
contained within primitive chondrite components including FeNi metals, sulphides, matrix ma-
terial and calcium aluminium inclusions, allowing conclusions to be drawn about the conditions
which prevailed in the early nebula.
This thesis describes the analysis of meteoritic metal and other components in carbonaceous
chondrites using a suite of complementary techniques including secondary electron microscopy
(SEM), transmission electron microscopy (TEM), electron backscatter diﬀraction (EBSD), sec-
ondary ion mass spectrometry (nanoSIMS), grain-size frequency distribution (GSFD) and com-
puted tomography. Metal is chosen as the primary comparative component as it is a common
feature in carbonaceous chondrites and is an indication of the extent to which a sample has been
exposed to thermal, metamorphic and alteration processes.
EBSD results reveal a variation between chondrule-associated metal and matrix metal in CR
chondrite Acfer 209 and the ungrouped chondrite Acfer 094 indicating a diﬀerence in formation
and subsequent processing. TEM results demonstrated that evidence for aqueous alteration
occurs on a sub-µm scale on the rims of FeNi metal grains in Acfer 094. FeNi metallic rims
displayed regions of pitting corrosion and an enrichment in O and Ni accompanied by depletion
in Fe. These features indicate interaction with an aqueous fluid.
Grain-size frequency distribution analyses revealed a strong and common mode in the metal
grain aspect ratios of three samples from the CB group of chondrites indicating a common de-
formational event. The presence of adjacent primitive components with varying chemical and
crystallographic textures reveals that these samples were subject to a complex thermal history.
Fine-grained matrix material in HaH 237 is heavily hydrated and shows no complementarity
to chondrules which escaped aqueous alteration consistent with the X-wind model. In con-
trast, matrix material does show compositional complementarity to chondrules in Acfer 094 and
Acfer 209. This suggests material for both components formed in the same region of a nebula
conforming to the shock model where material formed on the disk.
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Chapter 1
Introduction
1.1 Aims
The aim of the work reported in this thesis is to gain an understanding of the formation of
meteoritic grains as a primitive component and constrain the processes by which they have been
aﬀected, both in the nebula and on the parent asteroid, in order to establish the origins of this
material. This thesis describes how this problem has been approached using a range of analytical
techniques to chemically and crystallographically analyse and characterise the microstructure of
grains in primitive matrix. Ultimately, it is aimed to identify pristine metal components in a
range of primitive meteorite samples that could potentially be used to draw conclusions about
conditions and processes that prevailed in the solar nebula.
Texture and composition in FeNi metal is highly sensitive to thermal metamorphism in some
chondrite types. The chemical and crystallographic nature of FeNi metal in a suite of carbona-
ceous chondrites is used to interpret parent body thermal history. The extent of flattening and
mechanical deformation on a range of metal grains in CB chondrites is evaluated using grain-
size analysis techniques to identify potential shared parent bodies. Crystal size distribution
plots indicate the degree to which a grain has been subjected to fragmentation, compaction or
size-sorting which has implications for parent body identification. Metal and other meteoritic
components are constrained in an ungrouped carbonaceous chondrite using the entire range of
analytical techniques in order to seek relationships with other groups where few have been found
before.
This introduction covers a brief overview of meteorites and their classes before introducing the
reader to meteoritic components and their properties. A thorough review of current literature
on meteoritic metal in carbonaceous chondrites precedes a discussion on the theory of grain-size
analysis and crystal size distribution.
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1.2 Meteorites and the Components of Carbonaceous Chondrites
Meteorites are natural objects that are found on Earth having survived their fall from space.
Most meteorites are fragments of asteroid which have originated from solar orbits between Mars
and Jupiter (Ceplecha, 1961; McCrosky et al., 1971). Asteroidal meteorites are believed to have
formed 4.5 billion years ago at the birth of our solar system (Scott and Krot, 2003) and are
categorised according to their composition. Many of these rocks have remained the same since
their formation, and as samples of planets record a series of events which occurred in the early
history of the Solar System (Anders, 1963, 1964).
Meteorites are divided into three groups: stony, iron, and stony-iron. Stony meteorites are
composed principally of silicates with varying amounts of accessory metal. Iron meteorites
are dominated by metal. Approximately equal abundances of metal and silicate characterise
stony-iron meteorites. These three groups are subdivided according to their silicate and metallic
mineral contents (see Figure 1.1) based on nearly two centuries worth of chemical, mineralogical
and crystallographic studies of meteorites.
Figure 1.1: The classification of meteorites. Red lines indicate melted achondrites, stony-iron and iron mete-
orites. Blue lines indicate unmelted chondrites.
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Generally meteorites can be thought of as being either melted (achondrites, stony-iron and iron)
or unmelted (chondrites). However, this strict categorisation leads to the implication of relation-
ships where none appear to exist. Of more concern is that this “accepted” classification scheme
obscures relationships between certain types of meteorite (Wasson, 1974; Dodd, 1981).
Chondrites and achondrites combine to form the stony-meteorite category. The chondrites are
composed of some of the oldest solid materials to form in the solar system. They are the largest
meteorite group accounting for 80 % of observed fallen meteorites. Chondrites have a bulk
non-volatile element composition almost identical to that of the sun with the exception of the
noble gases H and He (Anders, 1971), and therefore present a physical record of the early solar
system (Sears and Dodd, 1988). There are three types of chondrite; ordinary, enstatite and
carbonaceous, with the latter containing the most primitive samples.
1.2.1 Carbonaceous Chondrites
All of the samples analysed in this thesis are carbonaceous chondrites. Carbonaceous chondrites
are comprised of ten distinctive groups (CI, CB, CM, CO, CV, CK, CR, CH, R and K) based
on their compositions and are named after a prominent meteorite from that group (e.g. CI is
named after Ivuna, CB after Bencubbin, CM after Murchison etc.). The research in this thesis
concentrates on the CB, CH and CR groups. Each group represents a parent-body from which
it is thought that the meteorite originated. Most carbonaceous chondrites are characterised by
high abundances of Mg, Al and Ca relative to Si. Mg-rich minerals (e.g. olivine and pyroxene)
dominate most carbonaceous chondrites as well as a combination of silicates, sulphides and ox-
ides.
Secondary alteration processes such as thermal metamorphism, aqueous alteration, brecciation,
shock metamorphism and weathering result in the sub-classification of carbonaceous chondrites.
The most accepted scheme (van Schmus and Wood, 1967) assigns the numbers 1–6 to chon-
drites: 6 indicates having undergone the most thermal metamorphism, 3 is the least altered
and 1 has experienced the most aqueous alteration eﬀects. Carbonaceous chondrites have suf-
fered the eﬀects of aqueous alteration but very little eﬀects from thermal metamorphism. Some
carbonaceous chondrites are not badly aﬀected by aqueous alteration; CV3 and CO3 are most
important to study for unaltered materials. The record of accretion and pre-accretion history
are stored in carbonaceous chondrites (Nomura, 1999).
The Bencubbinite (CB) group of meteorites is a relatively new addition to the meteorite group
classification. It was originally part of the primitive and metallic CH group ((Bischoﬀ et al.,
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1993b), (Weisberg et al., 2001), (Krot et al., 2002a)), following it’s initial proposal as a metal-
rich type of carbonaceous chondrite by Weisberg et al. (1998). Some opponents to the new
grouping labeled these as ‘Bencubbin-like’ rather than as a separate group, (Campbell et al.,
2001), although the group is widely accepted today. CB group-diﬀering characteristics include
a high metal/silicate ratio, an abundance of moderately volatile-lithophile element depletions
and a high zoning presence indicative of a primitive origin. Indeed, CH and CB meteorites are
sometimes both bracketed within the CR-clan of meteorites. There is a close aﬃnity between all
three types and it is possible that they all originate from the same parent-body or from the same
region of the solar nebula, but under diﬀerent conditions. CB meteorites are believed to have
formed from a non-nebular event such as an impact plume due to the lack of material which has
been processed by the high temperatures expected in a nebular event (Kallemeyn et al., 2001).
Chondrites consist of two major components chondrules and matrix, and three minor compo-
nents: metal, sulphides and refractory inclusions (Wood, 1967), all of which are defined in the
next section and will be referred to throughout this thesis.
1.2.2 Chondrules in Carbonaceous Chondrites
Chondrites are named for the chondrules they contain. Chondrules are densely packed and
rounded spherules varying in size from a few microns to a few centimetres. Chondrules formed
as molten or partially molten droplets in space which later accreted onto a parent asteroid. They
are the oldest solid material in the solar system and are the building blocks of the planetary
system. Ordinary and enstatite chondrites have the highest abundance of chondrules accounting
for up to 75 % of the entire chondrite (Scott and Krot, 2003). Ordinary chondrites account for
∼80 % of meteorites that fall to earth. As a result, most meteoritic material available for study
contains chondrules, although this may not be reflective of the actual parent-body population.
Carbonaceous chondrites contain the smallest percentage of chondrules in the chondrite group
and in some cases are completely devoid of chondrules e.g. CM1 and CI1. The smallest chon-
drules are found in CH, CM and CO chondrites. Medium-sized chondrules are found in CR,
CV, L, LL and R (see Figure 1.1), while the largest are found in CB chondrites. Chondrules
are thought to have condensed directly from the solar nebula. They formed during a period
(< 1 minute) of rapid heating of precursor material to a temperature of 1500◦C–1900◦C with
subsequent melting and cooling (∼1 hour). There is still much debate about the environmen-
tal setting, energy source and precursor material of chondrules. Chondrule textures vary from
cryptocrystalline, radial, barred, dendritic and porphyritic and have a mineralogy dominated by
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silicate minerals, Fe-sulphide, metal, oxides and phosphates.
1.2.3 Matrix in Carbonaceous Chondrites
Matrix in the least altered meteorites is fine-grained with an abundance of silicate material.
Matrix is predominantly an interstitial material separating macroscopic chondrules, inclusions,
metal and other isolated mineral grains (silicate, sulphide, oxide) (Scott et al., 1988). Matrix
also coats chondrules and refractory inclusions. The bulk chemical composition of matrix ma-
terial is similar to the entire chondrite it is found in. In the most primitive specimens, matrix
material has near-solar elemental proportions (Brearley, 1996b). Presolar material has also been
found in matrix in the form of organic material and circumstellar inorganic grains (Alexander,
2001), (Zinner, 2003).
Matrix is thought to contain important information on early solar processes and is believed to
have equilibrated with the nebula at low temperatures (Larimer and Anders, 1970). It is now
widely agreed that secondary alteration processes have greatly aﬀected matrix material. Due to
the fine-grained (< 1 µm) nature of matrix material the tiny grains amid the highly porous sam-
ple are especially susceptible to aqueous alteration and thermal metamorphism (Greshake et al.,
2004). These secondary processes are believed to have occurred on the chondrite parent-bodies
and are blamed for greatly altering or totally eliminating solar nebular records of fine-grained
material. Therefore the best cases to study are those least altered such as the CV, CO, LL and
ungrouped meteorites (Scott and Krot, 2005). CR and ungrouped meteorite types have generally
escaped thermal metamorphism and only experienced minor amounts of aqueous alteration.
Past studies on primitive matrix components have aimed to determine the extent of matrix
alteration to find a genuine analogue to pristine nebular material. Previous work (Howard,
2006) using EBSD was restricted to minerals with a strong crystal structure and focused on
silicates. In this study matrix material will be analysed using nanoSIMS technology on the
ungrouped carbonaceous chondrite Acfer 094.
1.2.4 Refractory Inclusions in Carbonaceous Chondrites
Refractory inclusions are highly enriched in refractory (i.e. the least volatile) elements. An
important refractory inclusion is the calcium-aluminium rich inclusion (CAI) named due to the
high abundance of Al and Ca. CAIs are extremely primitive components and are the oldest
constituent of chondrites to have formed. They date up to three million years older than chon-
drules which accreted onto the same parent body (Cuzzi et al., 2003). As a result their chemical
composition and element distribution is reflective of the conditions and processes of the early
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solar system (MacPherson et al., 1988). CAIs are found interspersed in the matrix and range in
size from <1 mm to >1 cm.
Excess bulk aluminium concentrations (compared to CI chondritic values) have been found in
carbonaceous chondrites. A correlation between this excess and CAI modal abundance led Hezel
et al. (2008) to conclude that the Al excess is delivered by CAIs. Hezel et al. (2008) reports that
more than one size population is found in most CAI size distributions which suggests diﬀerent
origins are possible for CAIs within the same meteorite group. Dating of meteoritic components
has suggested that refractory inclusions formed in a period considerably earlier than a separate
period of chondrule formation. Minerals rich in Ca, Al and Ti (melilite, spinel, perovskite) were
shown by thermodynamic calculations (Lord, III, 1965; Larimer, 1967) to be the first solids to
condense from a cooling solar nebula. Based on this evidence it wasn’t until the early seventies
that it became generally accepted that refractory inclusions were high-temperature condensates
(Larimer and Anders, 1970; Marvin et al., 1970).
CAIs are classified into fine-grained and coarse-grained (Type-A, Type-B or Type-C). Much of
the CAI classification scheme is based on data from CV chondrites due to their abundance and
variety of inclusion types. The diverse range of inclusions in CVs allows this classification to be
applied to other carbonaceous chondrites, enstatite chondrites and ordinary chondrites.
1.2.5 Models for the Formation of Chondrules, Matrix and CAIs
An astrophysical model is important for the interpretation of meteoritic data in order to con-
strain planetary systems. The leading model for chondrule formation is the passage of material
through nebular shock waves Wood (1963); Hood and Horanyi (1991, 1993); Ciesla and Hood
(2002); Miura and Nakamoto (2006). The two prominent candidates for shock source are gravi-
tational instabilities of the disk and bow shocks around planetesimals on eccentric orbits (Desch
et al., 2005). Gravitational instabilities may drive spiral shocks through the disk with size and
speed in agreement with the shock model (Boley and Durisen, 2008). A cold massive disk is
required for instability which may incur a delay of 2 Myr as mass accumulates on the disk and
subsequently cools. An early formation of planetesimals would result in the ubiquitous presence
of planetesimal bow shocks whose eccentricities could be accentuated by a massive Jupiter. The
formation of such a Jupiter could take 2 Myr which may explain the delay between chondrule
and CAI formation.
The “X-wind” model of Shu et al. (1996) has been developed to account for the formation of
chondrules, CAIs and short-lived radionuclides (SLRs). The model suggests contemporaneous
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thermal processing of chondrules and CAIs occurred < 0.1 AU from the protostar. These compo-
nents were then propelled by a magnetocentrifugal outflow to a region 2–3 AU from the protostar
where incorporation into the chondrites occurred. However Desch et al. (2010) identified sev-
eral inconsistencies of the model: no solid material has been observed or theorised to exist at
0.1 AU; particles at this proximity to the protostar cannot escape accretion; particle speeds at
0.1 AU are high enough to result in destruction upon collision; particle growth is prevented by
thermal sputtering; and in the absence of supporting models, the propulsion of particles by a
magnetocentrifugal outflow is speculative and may not be possible.
The shock model conforms to many constraints set by observations which the X-wind model
does not. Barred olivine textures require fast cooling rates and are therefore more common
in compound chondrules (two or more chondrules conjoined during chondrule formation). The
proportionality of cooling rate with chondrule density and chondrule texture with chondrule
compound frequency is predicted by the shock model but not the X-wind model. The presence
of condensate grains and chondrule-matrix chemical complementary in chondrites is consistent
with formation in the disk and the shock model. The X-wind model predicts no heating of
matrix grains or any correlation between matrix and associated chondrules.
Condensation in the solar nebula is the leading theory of CAI formation. It is based on the
observation of refractory minerals which condensed from a gas at high temperatures contained
within Fluﬀy Type-A CAIs and the precursors of other melted CAIs (Grossman, 2002; MacPher-
son et al., 2003). Oxygen fugacity measurements suggest this gas to be as reducing as one of
solar composition. High temperature condensation implies the formation occurred early and/or
near to the Sun. However the “CAI storage problem” prevents the contemporaneous addition
of CAIs and chondrules into chondrites since CAI formation predates chondrule formation by
∼2 Myr, and theories predict solids are unable to exist for this long in the protoplanetary disk.
CAIs have been modelled to spiral towards the Sun as a result of aerodynamic drag on timescales
of 105–106 yr (Weidenschilling, 1977), but more recently turbulence has been shown to cause
outward diﬀusion of CAIs on the same timescales (Cuzzi et al., 2003). The passage of CAIs
through shocks acting on the disk over many Myr may explain their igneous textures and allow
for the storage of CAIs in the disk thus resolving the problem.
It is uncertain whether shocks which melted CAIs were identical to those which melted chon-
drules, or if a similar process occurred in a diﬀerent environment. The X-wind model is incon-
sistent with low O fugacity recorded by CAIs during their formation and implies CAIs condense
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in their own rock vapour devoid of the majority of H2 gas Desch et al. (2010). It therefore does
not aid in explaining chondrule or CAI formation.
1.3 FeNi Meteoritic Metal
1.3.1 Introduction
Technological advancements and their recent application to meteoritical science has resulted in
a plethora of impressive datasets covering the chemical, crystallographic, mineralogical, petro-
logical and structural aspects of meteorite formation. Consequently, the present understanding
of meteorites is based on many lines of evidence, most of which are far beyond the scope of this
thesis. It is evident that metal plays a key role in the classification of carbonaceous chondrites
and can be used as an indication of secondary processing. For example the presence of a Ni
zoning profile on a metal grain is indicative of a meteorite’s exposure to thermal metamorphism,
oxidation or melting. The absence of a zoning profile suggests that either the metal formed by
other means, or the profile was erased by secondary processing.
Complex metal microstructures are observed across almost the entire spectrum of meteorites -
metal iron, stony-iron and stony meteorites. These microstructures develop as FeNi metal is
cooled from high temperatures. Reheating after a shock event or during metamorphism can
add to microstructure complexity. Metallographic and micro-chemical data has been used to
constrain low temperature thermal history of meteorites due to the faster kinetics of phase growth
in metals relative to silicates (Yang et al., 1997). With a view to present results on chemical,
crystallographic and grain-size analysis of meteoritic metal in carbonaceous chondrites, past
work on the metallurgy of chondritic and iron meteorites (the first meteoritic metals to ever be
studied) will be discussed to give the reader a broad context view on the evolution of meteoritic
metal.
1.3.2 Metallurgy of Iron and Chondrite Meteorites
Fe is abundant in chondritic metal and can account for up to 95% of a metal grain’s composition.
For example, the metal grains in CH chondrites contain more Fe than silicates and sulphides
combined. Fe is one of the most diﬃcult to classify elements as it can be grouped geochemically
as a moderately volatile lithophile, chalcophile or siderophile element (Larimer, 1988). It is
not surprising that Fe plays a key role in the grouping of meteorites. In the absence of metal,
chondrites are ordered in terms of increasing reduction (Urey and Craig, 1953).
Meteoritic FeNi metal is alloyed with minor abundances of P, C, Cr and Co and several trace
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elements. Chemical analysis of chondrites indicates that the source material was subject to a
number of chemical fractionations prior to aggregation. A loss of metal enriched in refractory
siderophile elements (Ir, Os, Re etc.) in the ordinary chondrites was accompanied by a loss
of refractory (Mg, Ca, Al, Ti) oxides and silicates between chondritic groups at high temper-
atures (Wasson, 1974; Rambaldi, 1977). Chondrite fractionation of metallic relative to silicate
components is indicated by variations in the total Fe contents of chondrites. The redox con-
ditions under which metal/silicate fractionation occurred is reflected by oxygen’s fractionation
and distribution between various oxide states (Larimer and Anders, 1967, 1970; Dodd, 1981).
Undoubtedly, fractionations contributed to current metal chemistry, although the mechanisms
involved and time-scales are still in dispute.
Over the past fifty years many electron microscopy techniques have been employed to analyse
the chemical properties of meteoritic metal. Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Electron Microprobe Analysis (EPMA) and Analytical Electron
Microscopy (AEM) have been standard means of imaging metals and determining basic chemical
compositions of micron and sub-µm features.
Metallurgy of Iron Meteorites
Although this thesis is concerned with metal in carbonaceous chondrites, one cannot present a
study on metal in meteorites without making reference to the iron group of meteorites. The iron
meteorites are composed of metre sized crystals of FeNi metal. They have bulk Ni contents rang-
ing from 4–60 wt% with the majority having compositions of 5–12 wt% Ni (Buchwald, 1975).
Over 98 wt% of bulk iron meteorites are composed of Fe, Ni and minor amounts of Cr (0.3–1.0
wt%). The remaining wt% is comprised of troilite (FeS), daubre´elite (FeCr2S4), schreibersite
(Fe,Ni,Co)3P, cohenite (Fe,Ni,Co)3, graphite, phosphates and chromite (Moore et al., 1969).
Although iron meteorites experienced extensive planetary melting, their elemental abundances
are similar to chondrites. Theories suggest this is a result of inheritance of mean compositions
following the melting of a chondrite-like material which caused metal to separate (Larimer and
Anders, 1967; Wasson and Wai, 1976). The iron meteorites have a wider composition range than
chondritic meteorites and are classified into their subgroups via plots of the trace elements Ga,
Ge and Ir against Ni (Goldberg et al., 1952). Chemically distinct environments are likely to have
generated chemical variations between groups of iron meteorites, similar to chondrite formation.
However, chemical variations within groups of iron meteorites is attributed to the gravitational
separation and subsequent crystallisation of molten metal at the time of planetary diﬀerentiation
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(Scott, 1972; Scott, E. R. D., 1979). The structure of iron and chondrite meteorites is dominated
by sub-solidus eﬀects such as crystallisation, precipitation and shock.
1.3.3 Crystal Structures and the FeNi Phase Diagram
Much of the early work on metal in meteorites is attributed to Wood (1967) who studied the
crystal structures, phases and cooling rates of metal in iron meteorites. The development of
metal microstructure and Ni gradients are interpreted by analysis of the appropriate phase
diagrams and implementation of the relevant diﬀusion coeﬃcients from which cooling rates can
be calculated (Yang et al., 1997).
Crystal Structure and Temperatures of FeNi Metal
Stellar nucleosynthesis produces three allotropes of iron; α-Fe, γ-Fe and δ-Fe. Figure 1.2 shows
the basic crystal units of these allotropes. Body-centred cubic (bcc) crystals have atoms situated
in the corners and external faces of the basic cube. Face-centred cubic (fcc) crystal atoms are
located in the corners and centre of the basic cube.
(a) Simple cubic. (b) Body-centered cubic. (c) Face-centered cubic.
Figure 1.2: The atomic arrangement of cubic structures for simple cubic, body-centred cubic and face-centered
cubic. Image by Bas Zoetekouw, 2007.
Kamacite (α-Fe) and δ-Fe are both bcc atomically arranged. Taenite (γ-Fe) has a fcc atomic
arrangement. Each allotrope is defined by the cooling temperature at which the crystal structure
forms. Molten Fe crystallises into δ-Fe at 1538◦C. At 1394◦C the γ-Fe allotrope forms. A
reversion to bcc crystal structure occurs when cooling reaches 912◦C forming α-Fe. The Curie
point is defined at 770◦C when Fe becomes magnetic. The Fe allotropes and corresponding
crystal structures are shown in Table 1.1 for temperatures above 770◦C. This data is most
commonly presented in the form of an FeNi phase diagram with temperature plotted against
the weight percent of Ni.
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Temperature Fe Allotrope Crystal Structure
1538◦C Delta Iron (δ-Fe) bcc
1394◦C Gamma Iron (γ-Fe) fcc
912◦C Alpha Iron (α-Fe) bcc
770◦C Fe becomes magnetic, electronic spin change No change (bcc)
Table 1.1: The iron allotrope crystal structure and temperature range.
The FeNi Phase Diagram
Much of the early work on FeNi phase diagrams was completed at the Iron and Steel Institute.
Figure 1.3 illustrates the evolution of the FeNi phase diagram over the past century. The original
FeNi phase diagram (Owen and Liu, 1949) shown to the left of Figure 1.3 illustrates a region of
complete solid solubility γ (fcc) above 910◦C. Below this temperature the α (bcc) phase is stable
in pure Fe. γ is a high-Ni fcc phase and α is a low-Ni bcc phase. As the nickel content increases
along the x-axis, the stability of the γ phase increases. If an alloy is cooled to low enough
temperatures, a supersaturated bcc phase called martensite (α2) forms from the breakdown of
the γ phase. The temperature at which α2 forms, Ms, is called the Martensite temperature.
This view of the FeNi phase diagram was accepted for the following 16 years until the α and
γ solubility limits were redetermined for temperatures over 500◦C by Goldstein and Ogilvie
(1965) using an electron probe microanalyser. With improved experimental techniques the FeNi
diagram is continually updated. The current diagram Reisener and Goldstein (2003a) at print of
this thesis is shown to the right of Figure 1.3 shown up to 900◦C with most recent adjustments
made to low temperatures (< 500◦C). γ1 and γ2 represent low-Ni paramagnetic and high-Ni
ferromagnetic fcc phases respectively. γ￿ is ordered Ni3Fe and γ
￿￿ is ordered FeNi-tetrataenite.
Temperatures on the diagram are denoted by Ms: the starting temperature of martensite, Tγc :
the Curie temperature of the γ phase and Tγc
￿ the ordering temperature of FeNi (γ￿￿).
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Figure 1.3: Left: Owen & Liu FeNi diagram relevant from 1949-1965. Right: Current FeNi phase diagram.
Owen and Liu (1949) present an FeNi diagram which would remain accepted by contemporaries for the next
16 years complete with a taenite (γ), kamacite (α) and combined taenite + kamacite (γ + α) field. The phase
diagram to the right of the figure shows the current accepted FeNi phase diagram from Reisener and Goldstein
(2003a). The Line A → E marks taenite composition during cooling of a 10 wt% Ni alloy at the α/γ boundary.
Ms = martensite start line, γ1 = paramagnetic taenite, γ2 = ferromagnetic taenite and Tc = the Fe-50Ni
critical ordering temperature where ordered tetrataenite forms from taenite. Types 3–6 ordinary chondrite peak
metamorphic temperatures (from Kerridge, J. F. & Matthews, M. S. (1988)) are indicated on the right hand side
of the phase diagram. Average metal Ni concentrations of H, L and LL group ordinary chondrites are indicated
on the bottom of the phase diagram.
Iron meteorites are divided into subgroups according to their Ni content. Hexahedrites have
bulk Ni contents < 5.5 wt% and consist of α-kamacite (bcc). Octahedrites with ∼7–11 wt% Ni
display Widmansta¨tten patterns. These patterns emerge on etched surfaces and are identified by
FeNi crystals or lamellae composed of interleaving bands of cubic FeNi alloys: α-Fe,Ni kamacite
(bcc) and γ-FeNi taenite (fcc). Kamacite has a maximum Ni solubility of 7.5 wt% while taenite
is often strongly compositionally zoned with respect to Ni. Ataxites are high-Ni irons (20–25
wt%) with microscopic Widmansta¨tten patterns called plessite.
Petersen et al. (1977); Albertsen et al. (1978) and Scott and Clarke (1979) identified the ordered
tetragonal γ-phase tetrataenite with a Ni composition of > 45 wt%. Wood (1967) studied the low
temperature (500◦C) two-phase α + γ region of the FeNi system and considered slow equilibrium
cooling in iron meteorites. The suggestion by (Urey and Mayeda, 1959) that metallic minerals
evolved in assemblages predating their aggregation was challenged byWood (1967). Wood (1967)
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accepted that some chondrites were breccias and therefore contain metals from diﬀerent thermal
events, but generally concluded that metallic minerals formed as a result of in situ evolution from
initially homogeneous metal grains during sub-solidus cooling from crystallisation temperatures.
Cooling
Elemental segregations may be homogenised by solid-state diﬀusion either during or after solid-
ification. The cooling rate and diﬀusivity of elements controls the degree of homogenisation. In
iron meteorites the presence of small bulk chemical variations such as in Ni and Ir indicates the
inability of γ-taenite to entirely homogenise during solid-state diﬀusion at 1300–700◦C (Bevan.,
1985). As the temperature scale descends from 900◦C through 700◦C, precipitation of schreiber-
site and chromite occurs at (generally non-metallic) nucleation sites such as troilite inclusions
or γ-γ crystal boundaries (Axon, 1967; Buchwald, 1975). Bevan. (1985) identified two funda-
mental assumptions for accurate calculation of metallographic cooling rates: volume diﬀusion
of Ni was universal and only aﬀected by cooling, and equilibrium α-kamacite precipitated to
the solid-state from a homogeneous parental γ-phase. Although a good approximation for iron
meteorites, these assumptions fail to take into consideration the pre-cooling history and complex
formation of chondrites (Bevan., 1985).
1.3.4 Phase Relations in Iron Meteorites
Approximate phase relations that can represent the solidification of melts of iron meteorite com-
position are obtained by considering the ternary Fe-Ni-S, Fe-Ni-P and Fe-Ni-C systems. Iron
meteorites are not observed to contain the abundance of S expected had formation been a re-
sult of complete melting and separation of chondritic metal (Kracher and Wasson, 1982). The
possibility of S removal via an immiscible sulphur-rich melt has been considered (Kracher et al.,
1977). Immiscibility is lacking in the Fe-rich region of the FeNi-S ternary system, but regions of
immiscibility between metal and sulphide rich melts are found in both the Fe-S-P and Fe-S-C
systems. Solidification structures reveal characteristic sulphide-phosphide and sulphide-carbide
globules (Schurmann and Neubert, 1980).
Axon (1967) questioned whether iron meteorites contained suﬃcient P and C to induce im-
miscibility. The possibility of episodic eutectic melting of chondritic metal and sulphide was
proposed by Kracher and Wasson (1982). This type of melting was suggested to result in ther-
modynamically miscible sulphide and metal rich layers. Assuming short crystallisation histories
(< 1 Ma), these layers could remain unmixed for dynamic reasons. During crystallisation of
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metallic melt the distribution of elements between solid and liquid has been used to identify
chemical trends within the iron group of meteorites (Jones and Drake, 1983; Drake and Jones,
1981). The segregation of elements between solid and liquid is dependent on their distribution
coeﬃcient k (concentration in solid/concentration in liquid). Thus assuming solids crystallise
in equilibrium with a thoroughly mixed liquid that has not been contaminated with previously
crystallised solids, elements with k > 1 (Ir, Os, Ru) will be concentrated in the first solids to
form and depleted in the last solids to crystallise, whereas elements with k < 1 (Ni, Au, As) will
be enriched in the residual liquid.
1.3.5 Chondritic Metal
Condensation, reduction and devolatilisation have all likely contributed to the formation of chon-
dritic metal. Element fractionation between gas and dust of a solar composition is well modelled:
Urey (1951, 1952); Anders (1964, 1968, 1971). These models assume pressures remained at 10−4–
10−5 bars and that conditions allowed chemical and thermal equilibrium. Condensation models
require metal to cool slowly from high temperatures ( > 1230◦C) allowing condensation paths
for Ni and other siderophile elements to be calculated (Scott, 1972; Kelly and Larimer, 1977).
Models predict that the Ni content in condensed metallic Fe is initially enriched in refractory
(high-temperature) and depleted in volatile (low-temperature) elements. Ni is modelled to de-
crease from 19 ± 3 wt% and approach the cosmic value of 5.7 wt% (Kelly and Larimer, 1977).
The isolation of metal from condensing gas prior to the completion of full condensation de-
termines the relative abundances of refractory to volatile elements. Kelly and Larimer (1977)
suggested that metal and silicate separation would result in fractionation between those elements
which had and had not condensed during separation.
Troilite (FeS) is formed as a consequence of the removal of Fe from metal during sulphuration at
low temperatures (400◦C). Oxidation produces silicates at lower temperatures (400◦C–130◦C).
Any remaining Fe has potential to form magnetite (Fe3O4) below 130◦C by reacting with gaseous
H2O (Urey, 1952; Larimer and Anders, 1967; Larimer, 1968, 1973). Fe, Ni and FeS microstruc-
tures have been found to be reflective of the post-shock thermal past of meteorites, (Urey and
Mayeda, 1959), (Knox, Jr., 1963). Their features have also been used to distinguish between
diﬀerent shock classifications in ordinary chondrites, (Heymann et al., 1966), (Taylor and Hey-
mann, 1969). L-group ordinary chondrites were used in the classification process of shock stages
due to intense and compact histories, low gas retention ages, an abundance of highly shocked
samples and zeroed radiometric ages. Chondrite groups have close chemical and mineralogical
relationships which precludes the possibility of random aggregation of Solar System materials.
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It is more likely that chondrites formed as a result of a sequence of processes acting on a limited
number of source materials.
1.3.6 Meteoritic Metal in Carbonaceous Chondrites
Metal in CM chondrites is rare but it is present in CO types and occurs in a similar way to
CR metal i.e. inside chondrules, on chondrule rims and as isolated grains in the matrix. Metal
grain enrichments in Cr, P and Si led to the theory that metal grains may also be a record of
nebular processes. This was first discovered in CM2 chondrites despite their low metal abun-
dances, (Grossman and Olsen, 1974) while similar enrichments were found in CO3 chondrites
(McSween, Jr., 1977). Metal diﬀers from one chondrule to another, but the metal and silicate of
any one chondrule is in equilibrium, suggesting that metal composition was determined during
chondrule melting. In unequilibrated O chondrites, a depletion in Ni indicates Fe metal forma-
tion by reduction (Rambaldi and Wasson, 1984). Plessite has been observed as an intergrowth
in the metal of unequilibrated O chondrite chondrules, but is nonexistent in their equilibrated
counterparts (Reisener and Goldstein, 1999). The classification system proposed by Grossman
and Brearley (2005) is supported by evidence that textural and compositional features of FeNi
metal are highly sensitive to metamorphism in O and CO chondrites (Kimura et al., 2006).
CB chondrites are metal-rich with ∼50 %–70 % metal by volume. The remainder of the chon-
drite is composed of chondrules and their associated fragments. CBs are subdivided into CBa
and CBb based on metal content and textural diﬀerences e.g. grain-size. CBa meteorites have
large (∼1 cm) kamacite (bcc < 7 % Ni) grains. CBb have chondrules devoid of metal with
skeletal olivine, cryptocrystalline or barred textures. Three kinds of metal are found in CBb
meteorites which are dominated by metallic iron droplets (metallic chondrules). These include
chemically zoned and metastable grains, unzoned grains, and large metal-sulphide aggregates.
Zoned grains display a profile in Ni, Co and Cr with minor zonation of Si which are consistent
with gas-solid condensation models. A shock melt mixture interconnects chondrules and large
metal-sulphide aggregates. Grain growth and cooling rates suggest localized thermal episodes
in the solar nebula are responsible for the zonation. CBb meteorites have a positive Ni-Co cor-
relation with a slope very like the solar Ni/Co ratio. Both this solar ratio and the zonation of
metal grains indicate the pristine nature of this subgroup (Meibom et al., 1999), (Petaev et al.,
2001). Martensite is found in CBb chondrites and forms by rapid cooling which traps C atoms
before they can diﬀuse out of the crystal structure. It’s presence in the centre of zoned metal
grains indicates quenching and limited thermal metamorphism.
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Metal in CR chondrites is found within chondrules, on chondrule rims and as isolated grains
within a fine-grained matrix (Weisberg et al., 1993; Kallemeyn et al., 1994; Krot et al., 2002b).
A theory of metal equilibration with silicates during chondrule formation is supported by trace
elements in metal grains (Zanda et al., 1994; Connolly et al., 2001). These trace elements were
either formed through reduction (Connolly et al., 2001; Lee et al., 1992) or nebular condensation
(Schoenbeck and Palme, 2004).
CH chondrites are a mechanical mixture of grains that experienced a variety of thermal histories
and formed at diﬀerent redox conditions (Goldstein et al., 2007). They are metal-rich with ∼20%
metal by volume (Scott et al., 1988; Grossman et al., 1988; Weisberg et al., 1988). Metal and
silicate grains in CH chondrites are small with a maximum size of ∼200 µm. The grain sizes of
CH chondrites are much larger than those found in CB chondrites, with mm-sized objects often
observed (Weisberg et al., 2001). Goldstein et al. (2007) studied the microstructure and thermal
history of metal grains in CH chondrites. Their findings are summed up in their concluding
illustration shown in Figure 1.4. Four types of metal grain were identified: zoned, zoned with
precipitates, unzoned and unzoned with precipitates.
Previous work on zoned and unzoned grains predict a formation by condensation from a chon-
dritic gas in a monotonic cooling regime (Meibom et al., 1999). Zoned grains are expected to
condense at temperatures between 1090◦C–980◦C, and unzoned grains at 980◦C (Goldstein et al.,
2007). Pressures of 10−4 bar are estimated (Meibom et al., 1999). Following formation these
grains would cool rapidly to below 230◦C with condensation closing around 430◦C. This rapid
temperature decline preserves martensite and prevents the formation of the Widmansta¨tten pat-
tern. At low temperatures S may be incorporated into unzoned metal grains. Reheating events
such as an impact on the CH parent body can recrystallise metal grains. Temperatures may
climb back to within the range of 530◦C–730◦C allowing precipitates to grow. A positive corre-
lation between Ni and Co in CH and CR chondrites is consistent with condensation models for
their origin (Grossman and Wasson, 1985; Weisberg et al., 1988, 1995).
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Figure 1.4: Schematic diagram from Goldstein et al. (2007) outlining the theorised thermal history of the four
identified metal particles: zoned (Z), unzoned (UZ), zoned with precipitates (ZP) and unzoned with precipitates
(UZP).
Metal in carbonaceous chondrites has an approximate solar abundance of refractory trace ele-
ments. However, volatile trace elements decrease with increasing volatility (Kelly and Larimer,
1977). Carbonaceous chondrites may be representative of the material from which other mete-
oritic materials formed by thermal processes involving dehydration, diﬀerentiation, melting and
reduction (Bevan., 1985).
1.4 Grain-Size Analysis of Meteoritic Metal
Grain-size frequency distribution studies are useful in identifying spatial heterogeneity of matrix
material. The GSFD measurements of extraterrestrial materials are typically presented on a log-
log scale plot with grain diameter in descending order against the normalised cumulative number
of grains. This has been used for meteorites (Toriumi, 1989), (Alexander et al., 1989), (Bland
et al., 1996) and asteroids ((Bland and Artemieva, 2003) (Bottke et al., 2005), (Dohnanyi, 1969)
and most recently on matrix material (Howard, 2006). The extent of flattening and mechanical
deformation of grains can be determined from circularity, ellipticity and aspect ratio plots which
can tell us about the parent bodies of various meteorite classes.
Crystal size distribution is the three dimensional distribution of crystals in a natural material.
The CSD of a rock is found by defining a series of size intervals (bins) and distributing the
number of crystals per unit volume over this series. CSD was developed by Chemical Engineers
studying textures to determine growth and nucleation rates but can also provide information
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about the thermal history of a magma. It’s first geological application was reported by Cashman
and Marsh (1988) in rocks and the kinetics and dynamics of crystallisation on the Makaopuhi
lava lake in Hawaii after initial proposal of the CSD technique to geology (Cashman and Marsh,
1984).
Crystal size distribution is an intrinsic property of a solid and reflects the last stage of a rock’s
textural evolution, although evidence of previous stages can sometimes be observed. During
solidification or melting, rocks undergo changes in crystal shape, size and orientation. Kinetic
eﬀects of crystal nucleation and growth dominate the initial solidification of an igneous rock.
Sorting, compaction and other mechanical processes can change the crystal abundance. Coars-
ening observed in CSDs reflect a rock texture approaching equilibrium due to a relaxation of
the original crystallisation driving force (Higgins, 2006). Characteristic changes in the CSD plot
results from each of these processes. CSD is most commonly calculated from measurements of
crystal outlines from 2-D images. Chemical or mechanical separation of crystals is not always
applicable to primitive samples, while X-ray tomography or serial sectioning are limited by the
diﬃculty in diﬀerentiating touching crystals. The range of crystal size is also limited by the
resolution of the technique applied.
1.4.1 CSD Theory
The crystal population density (n) is the number of crystals of a particular size per unit volume
of the sample and defined in Equation 1.1, where L is the characteristic length of the crystal
and N is the total number of crystals less than L.
n = ∆N∆L =
dN
dL
(1.1)
By integrating both sides we find;
N =
L￿
0
ndL (1.2)
The mean linear growth rate G of crystal size is not always independent of crystal size. To
understand a nonlinear growth rate we consider a steady state system of crystal growth with
constant volume. Systems of constant volume and average crystal residence time (τ) can be
defined (Cashman and Marsh, 1988) as :
δn
δt
+ δ(Gn)
δL
+ n
τ
= 0 (1.3)
Thus for steady state systems;
d(Gn)
dL
= −n
τ
(1.4)
Assuming G is constant and integrating;
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n = n0 exp(
−L
Gτ
) (1.5)
where n0 is the population density of nucleus-size crystals (a constant of integration).
A plot of ln(n) vs. L will have a straight line with slope -1/Gτ and intercept n0. Thus a pre-
vious knowledge of either growth rate (G) or residence time (τ) allows the other to be calculated.
The nucleation rate J is simply;
J = dN/dt|L=0 = (dN/dL)|L=0(dL/dt) = n0G (1.6)
In this thesis, GSFD was calculated for Gujba, Bencubbin, HaH 237 and Acfer 094.
1.5 Conclusion
1.5.1 Aims
Literature has shown that primitive meteorites are composed of components with complex ori-
gins, which are generally poorly understood. Physically larger components such as chondrules
and CAIs are easier to analyse as they are not restricted by technological resolution limitations,
and have therefore been more comprehensively studied and are better understood. Although
large-scale metal sheaths in iron meteorites are well documented, fine-grained µm–sub-µmmetals
in primitive carbonaceous chondrites have not. The aim of this work is to exploit technological
advances in microscopy and mass spectroscopy to study fine-grained metals in these meteorites
in more detail, in the hope of making significant contributions to the questions surrounding it’s
origin. If this can be achieved then we can use components identified as nebular in origin to draw
conclusions about conditions and processes in the early nebula. The identification of secondary
materials provides clues for a better understanding of asteroidal and planetary evolution.
1.5.2 Terminology
The term “grain” is used throughout this thesis and aﬀorded the same meaning as defined by
Wood (1967): “each discrete mass or lump of metal in a chondrite is termed a grain whether
mono- or polycrystalline internally”.
The terms “primary” and “secondary” are defined by Bevan. (1985) as follows and assumed to
have the same meaning in this work: “‘Primary’ describes those metallurgical features which
resulted during uninterrupted cooling from the crystallisation temperatures of the chondrites,
‘secondary’ describes processes which either interrupted or post-dated cooling.”
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A “primitive” meteorite is one which has experienced little or no thermal alteration since accre-
tion and is essentially unchanged since it first condensed in the solar nebula.
1.5.3 Thesis Structure and Research Objectives
This thesis is divided into seven chapters with two introductory chapters, four data chapters
and a final conclusions chapter.
Chapter 2: Experimental Techniques discusses the experimental instruments employed in this
thesis and outlines theoretical background and sample preparation methods for each instrument.
The techniques involved in calculating grain-size frequency distribution statistics is covered be-
fore introducing the reader to the samples analysed in this study.
Chapter 3: Chemical Analysis of Metal presents SE point analysis and element mapping results
for metal grains in Bencubbin, HaH 237, Isheyevo and Acfer 209. Point analysis spectra reveal
the chemical composition of individual metal grains. Element maps present a contextual insight
into the behaviour of metal in diﬀerent environments.
Chapter 4: Crystallographic Analysis of Metal presents crystal TEM diﬀraction patterns from
tiny metal grains in the matrix of Isheyevo, and EBSD microstructural maps of metals in Ben-
cubbin, HaH 237 and Acfer 209. TEM diﬀraction analysis allows diﬀerentiation of crystal and
amorphous materials at a sub-µm level. EBSD maps provide accurate grain misorientation and
boundary information which are reflective of the intensity of secondary processing.
Chapter 5: Grain-Size Analysis of Metal presents comparative grain-size frequency distribution
plots for Bencubbin, HaH 237 and Gujba. GSFD plots illustrate overall diﬀerences between
physical aspects of grain-size which are useful in comparing meteorite families. The shape of
CSD plots reveal whether a grain population is a result of a period of crystallisation or if it has
been subjected to fragmentation, compaction or size-sorting.
Chapter 6: Acfer 094 aims to further constrain metal and characterise the components of Acfer
094 using the full range of methods and results of the previous three chapters. This sequence
of analysis highlights the complementarity of microscopy, spectroscopy and grain-size analysis
techniques allowing common processes and other similarities to be sought between meteorite
groups.
Chapter 7: Conclusions summarises the findings of this work, provides overall conclusions and
presents recommendations for future work.
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Chapter 2
Experimental Techniques
2.1 Introduction
Analytical instruments generate large qualitative datasets but can often be one dimensional in
providing information about a sample. Complementary science has been crucial to scientific
progress and due to financial restraints on research facilities collaboration is paramount to com-
prehensive sample analysis.
This thesis was supported by the Origins Network, a European Commission funded planetary
science research centre which promotes collaboration between European institutions. Results
presented in this research represent laboratory collaboration at the following institutions: Im-
perial College London (Department of Materials), the Natural History Museum London (De-
partment of Mineralogy - Electron Microscopy and Mineral Analysis) and Liverpool University
(Department of Earth and Ocean Sciences). Data was also collected at the University of Western
Australia at the Centre for Microscopy, Characterisation and Analysis.
This chapter describes the background, apparatus, theory, sample preparation, data collection
and working conditions of the chemical and crystallographic analytical instruments used at
these institutions. Samples were primarily analysed by electron microscopy (Secondary Electron
Microscope, Transmission Electron Microscope), and ion spectrometry (Secondary Ion Mass
Spectroscope). I will also introduce the computed tomography scanner which was used for grain
size measurements before discussing the method used to calculate crystal size distribution.
2.2 Scanning Electron Microscopy
The scanning electron microscope (SEM) was first introduced by von Ardenne (1938) as an
attempt to overcome the limitations of light microscopes. The resolution of an imaging system is
defined as it’s ability to diﬀerentiate detail in the object that is being imaged. Light microscopes
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are limited by the wavelength of the emitted photons since visible light resides at the low end
of the electromagnetic spectrum. A central concept of quantum mechanics is that all matter
(including electrons) exhibits both wave and particle properties. This idea is fundamental to the
operation of electron microscopes. Consequently, the wave-like characteristics of electrons are
manipulated to behave in much the same way as a beam of electromagnetic radiation in order
to achieve high-resolution imaging and chemical analyses. The development of the SEM was
motivated by the scientific desire to analyse finer details in materials and it became commercially
popular around 1965.
2.2.1 Theory
Figure 2.1 illustrates the modern SEM setup complete with electron gun, anode, magnetic lenses,
objective lens, stage and detectors. The SEM produces diﬀerent signals as a result of interactions
between the sample atoms and the electron beam. Each signal requires a unique detector, two
of which are shown in Figure 2.1 for secondary and back scattered electrons respectively. Both
types of electrons are simultaneously captured and can be viewed on screen concurrently.
Electron microscopes generate electrons by thermionic emission (a heat-induced flow of electrons
over a voltage diﬀerence) or by field electron emission (an emission of electrons induced by
external electromagnetic fields). A beam of electrons is accelerated by an electric potential to a
voltage of ∼30 keV. The beam is attracted through the anode and focused onto the sample to a
point ∼2–10 nm in diameter. A set of wire coils located in the objective lens serves to scan the
beam of electrons across the sample surface.
Figure 2.1: A schematic of the SEM from http://www.condensed-matter.uni-tuebingen.de showing the elec-
tron gun mounted at the top of a cylinder. It fires a beam of electrons through a set of parallel magnetic lenses
and is focused by an objective lens. Electrons strike the sample on the stage generating the emission of secondary
electrons as ionisation products which are subsequently collected by the detector.
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Various radiations are generated from the sample when the beam strikes the surface and these
are collected by a range of detectors. These collected radiations are converted to voltages and
amplified before applying to the spot of a cathode ray tube (CRT). The amplified voltages are
scanned across the screen with brightness modulated by the detector’s amplified current. The
beam and CRT spot are scanned in progressive horizontal lines called rasters, which combine to
form an SEM image.
2.2.2 Imaging and Detected Radiation
The type of SEM image and chemical analysis is dependent on the type of electrons detected.
In this study, SEM images and chemical analyses are generated from the collection of secondary
electrons, back scattered electrons and X-rays.
When a beam of electrons strikes a surface it undergoes a series of interactions with the nuclei
and electrons of the sample atoms. When the incident electrons hit the sample they interact
with the atom and undergo elastic or inelastic scattering. The result is a loss of energy and
a change of direction. Elastic scattering occurs when the incident electrons interact with the
sample nucleus and experience a low energy loss and a high-angle deflection from the sample
atom. Inelastically scattered electrons interact with the orbital shell of the sample atoms and, in
contrast to elastically scattered electrons, experience a high energy loss and a reduced incident
beam deflection. Secondary electrons are generated as ionisation products. Collisions with
incident electrons results in excitation.
Secondary Electron Imaging
It is diﬃcult to obtain data from highly polished surfaces where alteration has occurred. Sec-
ondary electron microscopy is sensitive to topography due to the larger surface areas of slopes
and the consequent increased generation of secondary electrons. Therefore secondary electron
imaging (SEI) is a means of quality control for polished surfaces. However, SEI yields little com-
positional information as the signal is independent of the atomic number of the targeted nucleus.
The activation volume of SEI techniques resides beneath the sample surface. Figure 2.2 shows
that (from left to right) activation volumes increase with increasing beam energy. Consequently,
the activation volume runs deeper into the specimen for highly charged back scattered electrons
and X-rays than it does for secondary electrons. Achieving a higher resolution is a result of a
reduced field depth. The electrons detected in SEI are inelastically scattered secondary electrons
with an energy of < 50 eV.
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Figure 2.2: Beam depth penetration in Fe from David Muller, 2008. The strength of the primary beam increases
from left to right. At 1 kV depth penetration is 0.01 µm. At 30 kV this increases by two orders of magnitude to
3.1 µm.
Back Scattered Electron Imaging
Back scattered electron imaging (BSEI) is used for textural analysis in a scale range of mm–µm,
as well as qualifying variations in a material’s composition. BSE images are used for recon-
naissance in quantitative analyses. Back scattered electrons are primary electrons which have
escaped from the sample after an initial beam is fired from an electron gun.
The backscattered electrons are generated by elastic collisions between the incoming electron
and the nucleus of the target atom. This is known as Rutherford Scattering. The BSE signal
contains all the compositional information about the sample. There is an approximate linear
relationship between the backscatter coeﬃcient η and the atomic number Z of the nucleus that
is struck by the electron beam. A plot of η vs. Z for elements results in increasing brightness
towards higher η and Z. In this way minerals can be distinguished by varying shades of BSE
imaging.
Back scattered electrons follow a longer path into the sample (greater activation volume) with
more energy than secondary electrons. This results in BSE images oﬀering greater resolution to
SE images. The BSE signal is negatively aﬀected by surface topography. Sharp angles on the
sample surface can cause primary electrons to deflect away from the detector. This is eliminated
by polishing surfaces flat to minimise any signal lost.
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X-ray Analysis
The third SEM signal used in this study is X-rays. Shell transitions occur in the sample’s atoms
as they interact with the primary beam. An X-ray is emitted with an energy characteristic of the
parent element. Energy dispersive X-ray spectroscopy (EDS) allows elemental analysis by de-
tecting and measuring the emitted energy. EDS has a sampling depth of 1–2 µm and oﬀers rapid
qualitative and quantitative elemental composition analyses. Element maps and line profiles can
be generated revealing the overall composition of the sample, as well as any individual anomalies.
EDS is a quick method of data collection and analysis due to the acquisition of the complete
spectrum of energies simultaneously. However, peaks of trace elements can overlap and are
indistinguishable with EDS. These peak positions require a higher beam current and slower
scanning. Wavelength dispersive X-ray spectrometry (WDS) scans through the entire wavelength
range acquiring sequential spectra and is thus a slower means of data collection. WDS oﬀers
higher resolution and greater count rate processing capabilities than EDS. This allows detection
of trace elements at an order of magnitude lower concentration than that achieved by EDS
(Oxford Instruments, 2002). EDS and WDS are complementary techniques, the latter used as
a reconnaissance tool and the former for increased sensitivity of trace elements.
2.2.3 Sample Preparation
Samples must be prepared appropriately to prevent charging which can occur within the SEM’s
vacuum. Charging occurs when electrons are not conducted away from the sample following
initial sample interaction. The electrons accumulate and subsequent electrons from the beam
are deflected away. The resulting SE image wavers causing periodic SE bursts, beam deflection
and an increase in the SE signal from cracks. Charging eﬀects can be overcome by using a
conductive coating allowing the excess electrons to flow away from the sample. The samples in
this study were coated with carbon or gold.
2.2.4 SEM Operating Conditions for this Work
SEM data was collected with a JEOL 5900LV and a LEO 1455VP at the Natural History
Museum in London. Operating conditions were typically 20 kV of accelerating voltage and a
beam current spot size of 1 nA at a working distance of 10–15 mm. For a higher resolution the
spot size is decreased. The JEOL 5900LV has a working distance range of 3–50 mm which can
be lengthened for lower magnification analyses. Natural and synthetic standards were chosen
based on the compositions of the minerals being analysed. An accelerating potential of 15 kV
and a sample current of 20 nA were used for olivine compositions. FeNi metal compositions
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were determined using 20 kV and 25 nA. Relative uncertainties based on counting statistics for
Si, Mg and Fe are estimated at < 2 %. An uncertainty of 10 % is estimated for Ti and Cr, and
for Mn and Ca 9 % and 5 % respectively. The detection limit of the SEM is 0.5 wt%.
2.3 Transmission Electron Microscopy
The transmission electron microscope (TEM) was developed seven years prior to the inception
of the SEM, and was the very first type of electron microscope ever built (M. Knoll, 1932).
It was based on the same principles as the light microscope but transmits a focused beam of
electrons in place of light particles through an ultra thin specimen. Resolution in an SEM is
limited by the large spot size and interaction volume when compared to interatomic-distances.
TEMs use higher energies and therefore shorter wavelength electrons which allow the imaging
of single atoms.
2.3.1 Theory
A TEM transmits a beam of electrons through an ultra-thin sample. Electrons interact with the
sample as they pass through. An image of the sample at high resolution is formed by magnifying
and focusing onto a fluorescent screen (Figure 2.3). The instrument consists of an evacuated
cylindrical chamber through which a beam of electrons is directed into an electromagnetic lens
system.
Figure 2.3: Basic principles of the TEM. From http://www.hk-phy.org . The TEM consists of four primary
components: the electron source, the electromagnetic lens system, the sample holder and the imaging system.
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Bright and Dark Field
The mode of operation in a TEM controls the degree of contrast between diﬀerent materials in
a sample. Contrast is generated by occlusion and absorption of electrons. Images are formed
in TEM using either the central spot, or some or all of the scattered electrons. The image type
is chosen by placing an aperture into the back focal plane of the objective lens to block the
diﬀraction pattern which is not visible through the aperture. Bright-field images are formed
when the direct beam is selected and dark-field images are formed when the scattered electrons
are selected. Typically, TEMs are arranged in the bright field mode. Bright regions observed
in images are caused by an absence of sample material in the beam’s path. Thicker areas of
sample, and elements with high atomic numbers are returned as dark regions in the image.
TEM as a Crystallographic Technique
TEM is primarily used for high-resolution chemical analysis and mapping, but it is also useful
in determining the crystallography of sample material. Diﬀraction patterns are generated by a
rearrangement of the electromagnetic lens system. In the case of a single crystal the diﬀraction
pattern is composed of a distribution of individual dots. A polycrystalline material is repre-
sented by a series of concentric circles. Diﬀraction patterns are important in determining the
crystal orientation with respect to the beam. In this study diﬀraction patterns are important to
diﬀerentiate between sub-µm amorphous and crystalline grains in primitive chondrites.
2.3.2 TEM Preparation
The generation of TEM images comes as the result of coherent electrons passing through a sec-
tion. Very thin (≤ 1 µm) TEM sections are therefore necessary in order to be electronically
transparent. There are many methods of TEM preparation with unique individual advantages.
Most involve thinning a sample down until a cavity is formed. The surrounding edges of the
cavity are electronically thin and have faces suitable for imaging. This can be done by dissolu-
tion techniques (electrolytic thinning, chemical thinning or ion beam thinning).
If location is unimportant in analyses then samples can be crushed into a fine powder by grind-
ing, suspending in a solvent and ultrasonically dispersing onto a coated microscope grid. These
methods are generally considered as labour intensive. Ar ion milling was later introduced (Bar-
ber, 1970), (Barber, 1981a), (Barber, 1981b) which involved bombarding the sample with Ar+
ions under a vacuum.
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These methods were unsuitable for precious samples such as meteorites due to the loss of large
amounts of material. It was only with the development of Ar milling that planetary sciences
began to experiment with beam instruments. This is a suitable method for data collection for
petrology, mineralogy and chemistry of primitive materials without significant bulk sample loss.
However, there are many disadvantages to Ar milling, most notably for use with polyminerallic
materials due to diﬀerent minerals having diﬀerent erosion speeds. The result is a poor TEM
sample with a surface consisting of over and under milled areas. Primitive and fragile meteoritic
samples are unsuitable for Ar milling as samples need to be polished to < 10 µm before milling
can commence (Barber, 1981a). It is also diﬃcult to control the location of the TEM sample
using an Ar milling technique, which is problematic for tiny matrix grains within meteorites.
More recently the focused ion beam (FIB) with Ga+ ions has been employed for TEM sample
preparation. The process involves machining a bulk sample to create a uniform thin section.
One of the advantages of using a FIB over other mechanical techniques is that the location of the
sample can be chosen to within a few nanometers due to the in situ high-resolution imaging ca-
pabilities. Greater eﬃciency is also a key improvement over other methods as sample turnaround
time can be within two hours. FIB and Ar milling techniques for use with meteoritical samples
were compared (Lee et al., 2003) and FIB was found to be most suitable. The main advantage
of Ar over FIB milling is the increased volume of electronically transparent material available,
but this is compensated for by the FIB’s ability to produce multiple TEM sections at any chosen
location. The FIB setup resembles that of the SEM where the electron beam is replaced by a
focused beam of ions. FIBs can be used for site-specific analysis, deposition and ablation of
materials.
A Millbrook FIB static instrument was used in the Materials Department at Imperial College
London to cut TEM samples from primitive materials. The instrument consists of a Ga FIB
column with a beam spot size > 10 µm. It features an electron gun with compensation at sub–20
eV energy for insulating surfaces. The beam current is set to 1000 pA for cutting and 50 pA for
imaging. Before the TEM section is cut the bulk sample is gold-coated to prevent charging in the
vacuum. It is placed inside an evacuated chamber for three minutes. Au is applied using an Ar
beam current of 3 nA and a beam voltage of 25 mV. The TEM section can be cut once the bulk
sample is under chamber pressure. TEM preparation by FIB milling requires the completion of
steps including Pt deposition, trench cutting and surface polishing.
42
Platinum Deposition
Pt is applied as an organo-metallic (∼50 % Pt and ∼50 % organic) vapour over the area chosen
for TEM extraction through a needle suspended 50 µms from the sample surface. The vapour
is fragmented by the incident 30 keV Ga ions. The position of the layer is manually selected,
but the process of deposition is automatic. Figure 2.4 shows two deposited Pt strips at separate
locations on a thin section sample of the meteorite Acfer 094. The Pt strips occupy a region on
the surface 29 µm in length, 2.5 µm in width and 1 µm in depth. Pt is a heavy element (Z = 78)
and protects the surface from erosion during FIB milling. The Pt strip is also a useful marker
for easy identification of the area of interest. Sites of interest should be thoroughly mapped by
SEM prior to Pt deposition as excess Pt can obscure nearby features.
Figure 2.4: Pt deposition for TEM preparation. Two separate surfaces are polished in a thin section of the
meteorite Acfer 094. The strip is easily identified in BSE images as an embossed layer.
FIB-Milled Trench Cutting
The TEM section is cut perpendicular to the sample surface through the Pt strip. With the
Pt strip in place, either a standard TEM section can be cut with the focused ion beam ready
for analysis, or a larger FIB section can be extracted and later polished down to electron trans-
parency. Both methods require a similar trench cutting process as described here. The TEM
Wizard is a set of instrument commands for producing a TEM thin section ready for lift-out.
The TEM section is cut directly from the bulk sample by shearing trenches either side of the
chosen site with the FIB. Figure 2.5 shows two viewing angles (0◦ and 45◦) of the sample surface
following FIB-milled trench-cutting. Finer details can be manually cut with the FIB at the
conclusion of the automatic milling.
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(a) FIB-milled trenches viewed at 0◦ tilt. (b) FIB-milled trench viewed at 45◦ tilt.
Figure 2.5: TEM Wizard FIB-milled trenches. The crosses at either end of the Pt strip are used as positional
locaters for the Wizard software to orient itself throughout the procedure. The well-defined beam-cut edges of
the TEM sample are observed when the sample is tilted to 45◦.
TEM Extraction and Removal
TEM sections can be removed from the bulk sample by in-situ or ex-situ extraction. In ex-situ
extraction the TEM sample is cut loose from the bulk sample and removed from the vacuum.
The TEM section is electrostatically attracted out of the bulk sample by gliding a glass needle
over the surface with a microscopic manipulator. The TEM section is then transferred onto a
TEM Cu grid covered with a thin carbon support film ready for TEM analysis. In-situ extrac-
tion involves cutting a FIB section from the bulk sample and transporting it to a Cu grid (still
under vacuum) where the section can be polished down to electron transparency. This was the
method used on samples in this thesis.
When the sample has been completely undercut (as in Figure 2.6(a)) it is ready for extraction.
A tungsten needle attached to the stage is manoeuvred near to the sample. Shadows are used to
aid depth interpretation when guiding the needle towards the sample, as well as the knowledge
that both needle and section will be in focus in the BSE image if they are on the same plane.
A glue pipe with a tip of 5 µm applies adhesive over the needle and sample in overlapping
layers. Throughout this procedure contaminant may attach itself to the needle tip. This can be
subsequently removed with the beam. Figure 2.6(b) shows the section attached to the needle
with the linking bridge still uncut. In Figure 2.6(c) the section is cut from the bulk, and the
needle with accompanying sample are retracted from the surface.
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(a) Undercut FIB section. (b) Section glued to needle. (c) Section free from sample.
Figure 2.6: Extracting the FIB section with a needle: (a) A FIB section of Acfer 094 is thoroughly undercut
and (b) glued to a needle. (c) The FIB beam subsequently cuts the material bridging the section to the sample,
and the needle is retracted for further section polishing. Contaminant is observed on the needle.
The needle and sample are glued to a Cu grid placed inside the vacuum chamber. Glue eﬃciency
is equal for use with Pt, meteoritic and Cu surfaces. In Figure 2.7(a) the FIB section is attached
to both the needle and the Cu grid. The FIB-beam is used to separate the needle from the
section as shown in Figure 2.7(b). A low magnification BSE image in Figure 2.7 highlights the
scale of the section, which is observed to protrude from the central ‘B’ Cu finger.
(a) Section on finger. (b) Needle detatched. (c) Low magnification sample on
central Cu grid finger.
Figure 2.7: Attaching the FIB section to the Cu grid. (a) The needle with attached FIB section is glued to
the Cu grid. (b) FIB-milling is subsequently used to separate the needle from the section. (c) It is now possible
to remove the Cu grid with the section from the vacuum, although further polishing is generally necessary.
Polishing FIB Section for TEM Analysis
Polishing is necessary to remove amorphous layers which prevent high-resolution TEM images
from being generated. Due to the porosity of some materials, it is important not to cut the section
too thin and risk losing the sample. Each polish removes a 300 nm thick layer. Samples can be
polished directly from the Cu grid with the FIB-beam. Features gradually become identifiable
45
as layers are removed from the section. This is observed in Figure 2.8(a) and Figure 2.8(b).
When a region suitable for TEM analyses has been identified, repeated layers from behind the
proposed section are cut away to reveal an electronically transparent TEM foil. A tiny 2.5 µm
wide TEM section is observed to extend outwards from the end of the FIB section in Figure
2.8(c).
(a) First polish. (b) Second polish. (c) TEM foil.
Figure 2.8: TEM polishing process: From left to right features become clearer as more layers are removed with
the FIB-beam. Here a metal grain and adjoining veins are observed in the meteorite Acfer 094. Figure 2.8(c)
shows the final polished TEM foil.
2.3.3 TEM Operating Conditions for this Work
TEM results were collected with a JEOL 2000FX TEM and a FEI TITAN 80/300 S/TEM based
in the Materials Department at Imperial College London. The JEOL 2000FX TEM was used for
standard TEM imaging, chemical composition and diﬀraction pattern analysis. It was fitted with
an Oxford instruments ultra-thin window energy dispersive (EDS) X-ray spectrometer to detect
light elements with an atomic number Z > 4. The FEI TITAN 80/300 was used for detailed
chemical analyses. The Titan is a scanning transmission electron microscope (STEM) and as
such rasters an electron beam across the sample. STEM is suitable for energy dispersive X-ray
spectroscopy analyses (EDX) allowing chemical composition at a sub-µm scale to be analysed. It
is fitted with a monochromator delivering spatial/energy resolution capabilities of 0.14 nm/0.5
eV (mono oﬀ) and 0.3 nm/0.2 eV (mono on). The Titan 80-300 S/TEM has the capability of
utilising energy filtered transmission electron microscopy (EFTEM). With this method electrons
are collected in the detector, based not only on their scattering angle, but also according to their
energy and energy bandwidth thereby allowing the generation of element maps. Consequently,
the contrast is optimised since contrast-reducing electrons are filtered out.
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2.4 Electron Back Scatter Diﬀraction
Electron back scatter diﬀraction (EBSD) is a microstructural technique used in this study to
crystallographically characterise and visualise chondritic meteorite petrofabrics. Petrofabric de-
scription and interpretation is a key aspect to understanding rock processes. However the abun-
dance of fine-grained matrix in primitive chondritic meteorites has led to a lack of traditional
fabric analysis results (Bland et al., 2003) due to grain-size limitations. Prior to the inception
of EBSD, goniometers were used for crystallographic orientation analysis by measuring angles
of crystal faces. Cleavage plane, twin plane, optical indicatrix and facet orientations can be
measured using a universal stage. Full orientations and partial orientations (e.g. c-axis only) of
crystal in a thin section can be determined with this method (F.J. and L.E., 1963). This type
of analysis is only suitable for grains greater than ∼30 µm, which is clearly unsatisfactory for
matrix material.
The majority of crystal studies now involve placing a beam of electrons over a sample and de-
termining the diﬀraction patterns. EBSD patterns were first observed in an SEM (Venables and
Harland, 1973). The 80’s and early 90’s brought major improvements to the technique which
took EBSD to the forefront of reliable crystal analysis. The photographic film was replaced
with a phosphor screen and TV camera (Dingley, 1984), and better computational methods for
pattern indexing were crucial in keeping up with contemporary techniques. One of the best
improvements was the introduction of an algorithm to detect the electron back scatter pattern
automatically. This was called the Hough Transform (Kreiger-Lassen, 1994). With automated
indexing and the Hough Transform, EBSD suddenly became a formidable force. Computer
software was quickly developed to deal with the abundance of data generated and soon crystal-
lographic information could be quickly and easily obtained (Adams et al., 1993). Only sharply
defined diﬀraction patterns are used by the computer’s acquisition software. This in eﬀect seg-
regates a small activation volume proportionate to the beam size, thereby increasing the spatial
resolution of EBSD (Prior et al., 1999).
The apparatus for EBSD analysis is shown in Figure 2.9. The sample is highly-tilted, usually
70◦, to the diﬀraction camera. This allows more scattered electrons to be detected supporting
the incorporation of a large phosphor detector into the apparatus. The contrast of the resulting
diﬀraction pattern is improved. The diﬀraction pattern resembles a series of crossing lines
corresponding to various planes of the material’s lattice. It contains the microstructural and
crystallographic properties of the specimen.
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Figure 2.9: Basic components of an EBSD system. From Oxford Instruments. The EBSD setup consists of an
electron beam source, a stage control, a peltier-cooled CCD camera, a phoshor screen and a forward-scattered
electron detector. The sample is tilted to 70◦ on the stage.
The vacuum is pumped down to a minimum of 1.5 x 10−5 Torr. Pumping-down time is dependent
on the size, texture and contamination of the sample. EBSD data can be collected on both a
fixed stage SEM and a moveable FEG-SEM. A fixed stage setup is very limiting in data collection
as the sample must always be tilted at 70◦. This restricts the sample movement to a single plane
resulting in a very reduced eﬀective sample area.
2.4.1 Theory
The basic principles of electron backscatter diﬀraction are based on the Bragg condition for
diﬀraction. Bragg’s law describes the angles of x-rays when scattered from a crystal lattice, and
is shown in Equation 2.1 where n is a unit-less integer representing the order of diﬀraction, λ is
the wavelength of the electron beam, d is the crystal lattice spacing and θ is the angle between
the incident beam and the scattering plane.
nλ = 2dSinθ (2.1)
EBSD patterns are generated using an SEM and captured with a back scatter diﬀraction camera.
Electrons are scattered when an electron gun fires an incident beam at a sample. Scattering
eﬀectively creates a point source of electrons. Electrons are diﬀracted by lattice planes in a
crystal material where the Bragg condition is met. Two diﬀraction cones emanate from each
lattice plane. The opening angle of the cone is ∼180◦. The angle of diﬀraction is characteristic of
the crystal lattice and the electron cone is imaged by a phosphor screen and camera. When the
cone of electrons transects the 2-D phosphor screen, parallel thin lines called ‘Kikuchi bands’
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are generated (see Figure 2.10). The fluorescence this causes is detected and the diﬀracted
electrons produce a pattern called an electron back scatter pattern. Individual band patterns
are indicative of a unique family of crystal lattice planes. The EBSD pattern is a collection of
overlapping and intersecting Kikuchi bands representative of the crystal structure of the material
being analysed. The crystal symmetry and orientation determine the geometrical arrangement
of the Kikuchi bands.
Figure 2.10: EBSD Kikuchi patterns from http://www.ebsd.com show how an electron beam strikes the
sample at 70◦ scattering electrons towards the phosphor screen. When the Bragg condition is satisfied, a cone
of electrons emanates from the lattice planes and forms characteristic Kikuchi bands upon intersection with the
screen.
Each crystalline phase has a unique EBSD pattern. This allows those detected to be compared
to a database of recognised patterns. There are many databases available worldwide containing
thousands of phases and their corresponding electron backscatter patterns. Examples include
ICSD - Inorganic Crystal Structure Database (50,000 phases), NSD (13,000), American Mineral-
ogist (1,400) and HKL Phases (50). The stored EBSD patterns were indexed with the program
CHANNEL 5 from HKL technology. Variations in EBSD patterns are indicative of deformation
e.g. plastic strain (blurred pattern) or lattice rotation/elastic strain (small crystal shifts).
2.4.2 Specimen Preparation
The thin samples used in this thesis were standard one inch round slides. The sample was
inspected under an optical microscope before polishing to determine the state of the polish
and the topographical nature of the surface. Metallic grains are most visible when the sample
is tilted under reflective light. Rock samples are prepared for EBSD analysis by polishing
to remove amorphous surface layers which would block crystal structure signals. Terrestrial
samples are submerged in a chemical-mechanical agent such as Syton for several hours. Due to
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the primitive nature of meteorites, samples are only exposed to Syton for a few minutes to avoid
contamination, alteration or irreparable sample damage. To prevent charging when placed in
the SEM the polished sample was C coated and outlined in C paint.
2.4.3 Data Processing
Much of the EBSD results presented in this thesis are in the form of maps displaying diﬀerent
aspects of a sample’s crystal structure. ‘Tango’ is one of a suite of software applications designed
to interpret EBSD data and generate presentable results. This particular software specialises in
mapping. The various types of maps are discussed in this section.
Boundary Contrast Map/Pattern Quality Map
Boundary contrast maps, or pattern quality maps are used as a means of quality control for
EBSD patterns. The map represents the microstructure that is unaﬀected by indexing errors.
The variance in grey shades corresponds to the quality of the pattern. Dark areas have poor
pattern quality while lighter areas have a good pattern. Boundary contrast maps have been
been used in the past to validate orientation maps (Bestmann and Prior, 2003).
Phase maps
Phase maps can distinguish minerals which are chemically very similar but crystallographically
very diﬀerent. Phase identification in EBSD occurs through live automatic comparison between
the electron backscatter pattern generated from the sample and the pattern simulated by the
software. The expected phase must be input into the computer before pattern indexing. Dual-
phase steels are composed of ferrite (equivalent to kamacite) and austenite (taenite) which have
bcc and fcc atomic arrangements respectively. When analysed by EDS the chemical composition
of steel is determined, but the location of individual phases is unknown. EBSD can distinguish
between these phases due to their contrasting atomic arrangements.
Misorientation Maps
Misorientation maps represent the variable degrees of misorientation between grains in a mate-
rial. Red, green and blue colour channels are superimposed generating a colour for each pixel in
the map. These colour channels are designated one of the three Euler angles, (φ1, Φ, φ2). Euler
angles describe the orientation of a rigid body. Rigid implies a constant relative position between
all of a body’s points. In this way, diﬀerent colours represent diﬀerent orientations of the sample
material. As a result of the way that Euler angles are defined, a sudden colour change does
not always mean a directional change Watt et al. (2004), Bestmann and Prior (2003). These
colours are totally random and do not represent anything other than a variety of orientations.
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Two orientations can be aligned by a minimum set of rotations described by the three Euler
angles. The misorientation recorded in a measurement is the relationship between the point on
the sample being analysed and the detector.
Pole Figures, Fabric and the Multiple of Uniform Density
A pole figure is a graphical representation of an object’s orientation in space. Pole figures are
a quick way to visually appreciate common alignments of specific crystallographic directions.
These alignments essentially determine the physical properties of the sample. Pole figures de-
scribe crystal orientation(s) with respect to a sample coordinate system. The orientation of
an object with a basis (coordinate system) attached is determined by the rotation of the Euler
angles. The orientation of the plane of the object is given by it’s normal line. If an object is
drawn with it’s centre on the sphere, then the intersection of the normal line and the sphere is
called the pole. The poles of two non-parallel planes are needed to determine the orientation of
the object. This is illustrated in the left of Figure 2.11.
Figure 2.11: Left: The schematic diagram from http://www.ebsd.com illustrates the stereographic projection
sphere with sample and crystal axes. The axes of the projection sphere are aligned with the axes of the sample.
Centre: All Euler pole figure for a metal grain in meteorite Acfer 094. The colours correspond to diﬀerent crystal
orientations on an All Euler misorientation map. Right: The corresponding contour pole figure where red and
blue indicate a high and low density of crystal orientations respectively.
The upper sphere constructed around the object can be projected onto a plane. This is called
stereographic projection. Stereographic projection does not preserve distances or figure areas,
but does preserve angles. A pole figure is then the stereographic projection of the poles used to
represent the orientation of the object. Crystal structure is represented by the pole figure of it’s
crystallographic plane. Pole figures for meteorite crystals analysed in this thesis are represented
by the 100, 111 and 110 crystal directions. Centre and right of Figure 2.11 illustrates a line pole
figure and a contour pole figure for a metal grain in the meteorite Acfer 094. Colours in the
line pole figure correspond to Euler angles in the misorientation map of the grain, while red and
blue colours in the contour map represent a high and low density of detected crystal orientations
respectively. Contour plots are typically used when there are a large number of crystals involved.
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In crystallography and EBSD the “texture” refers to the crystallographic preferred orientation,
shape and size of small crystals in a polycrystalline solid. A polycrystalline material such as metal
with many diﬀerent internal crystals is said to have a texture if the crystal axes are uniformly
distributed. In Earth Science,“texture” can also refer to the physical appearance or character of
a rock applied to surface features of a homogeneous rock or mineral aggregate.“Fabric” refers to
material anisotropies in geological studies i.e. the crystallographic preferred orientation, and is
consistent with the definition of lattice preferred orientations (LPO) used in materials science and
metallurgy literature. Texture can be determined by the plot of two pole figures corresponding
to non-parallel planes with diﬀerent diﬀraction angles. The Multiple of Uniform Density is used
to describe the strength of a crystal fabric. Low MUD values indicate a weak fabric while high
MUD values correspond to strong fabrics. ‘Mambo’, an EBSD data interpretation software
package, specialises in representing data with pole figures.
2.4.4 EBSD Applied to Meteoritics
EBSD is extensively used in materials science and has been for more than a decade. More
recently, EBSD has been applied to geological sciences for crystallographic textures/fabric de-
termination and phase identification. Recent work by Bland et al. (2003) and Watt et al. (2004)
has focused on the application of EBSD to primitive matrix material. EBSD was most promi-
nently used to characterise polycrystalline materials, identify unknown phases and to generate
orientation maps which are indicative of microstructural features. Since metals have a low atomic
mass number they usually provide the best diﬀraction patterns and most accurate phase iden-
tification. The past ten years has shown dramatic improvements in spatial resolution, accuracy,
sample preparation and speed of patterning (Michael and Goldstein, 2005). EBSD was initially
used in meteorites by Goldstein to determine Widmansta¨tten patterns and the formation of
plessite. It has been used to map iron meteorites (Benedix and Prior, 2006) and to determine
fabric analysis of samples Watt et al. (2004).
2.4.5 EBSD Operating Conditions for this Work
EBSD results presented in this thesis were collected with a LEO Gemini 1525 FEGSEM in
the Materials Department of Imperial College London and the CamScan X500 Crystal Probe
with a thermionic field emission gun and a FASTRACK stage in the Department of Ocean and
Earth Sciences at the University of Liverpool. Patterns were obtained using a 20 kV acceleration
voltage and a beam current between 8 and 12 nA at a working distance of 25 mm. High beam
current allows crystal patterns to be more readily indexed. Stage movement on a grid allowed
samples to be mapped with a fixed step size of 2 µm.
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2.5 Secondary Ion Mass Spectrometry
Secondary ion mass spectroscopy collects ions for mass analysis of element species. Secondary
electrons have a limited energy spectrum and although useful for imaging techniques are inferior
to secondary ions for mass analysis. This is due to the broad secondary ion energy spectrum
of several hundred eV (Chater and McPhail, 2008). There are several types of secondary ion
mass spectroscopy (SIMS) diﬀering in apparatus setup and detector type. This thesis uses both
conventional SIMS and nanoSIMS which shall be discussed in this section. A mass spectrum is a
spectrum obtained when a beam of ions is separated according to the mass to charge (m/z) ratios
of the ionic species contained within it. Sample elements are ionised by firing a mono energetic
and chemically pure primary ion beam of typically 1–10 keV at the sample surface under vacuum.
Figure 2.12 illustrates the sample surface being sputter-eroded by Cs ion bombardment.
Figure 2.12: Secondary Ion Sputter-eroding. A beam of Cs ions bombards the sample surface freeing secondary
ions from the sample. The secondary ions are channelled through a series of magnetic and optical lenses before
final mass analyses. From (Groves, 2006).
Most of the atoms and molecules sputtered from the sample will be neutral, but enough will be
ionised and can be accelerated along a potential gradient (∼10 µm) before focussing into the
mass analyser. The ejected ions are energy filtered before they are mass analysed to separate a
specific range of kinetic energies. The primary beam can be switched between emitting positive
or negative ions. This selects the polarity of secondary ions returned to the mass spectrometer
for detection and analysis. A positively charged primary beam will result in the production of
negative secondary ions. Negative secondary ions are detected by moving the detector aperture
to a high positive potential (e.g. 160 V). Positive secondary ions are detected by shifting the
detector aperture to a high negative potential (e.g. -2000 V) to attract positively and reject
negatively charged particles (Chater and McPhail, 2008).
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2.5.1 Conventional SIMS
In conventional SIMS only positive ions are mass analysed which leads to compositional data
problems. This is due to positive ions being a non-representational and reduced fraction of the
sputtered species. Figure 2.13 shows the traditional quadrupole analyser in a SIMS instrument.
Ions are passed through an EM field with a chosen potential. Ions of only a specific mass range
will be stable enough to survive passage through this potential. Ions can be separated and
imaged in parallel.
Figure 2.13: SIMS schematic diagram. A Cs ion beam strikes the sample before passing through a series of
transfer optics. Ions pass through an EM field and are separated according to their mass before being imaged in
parallel. From Access Science, McGraw-Hill.
The penetration depth of the primary beam is dependent on the beam current. Low currents
return secondary ions from the top few mono-layers only, and is an ideal setting for surface
contamination analysis. Higher beam currents increase the aggression of sputtering of surface
material allowing the concentration as a function of depth to be profiled.
2.5.2 NanoSIMS
Coaxial optics and a normal incidence primary ion beam diﬀerentiates nanoSIMS from con-
ventional secondary ion mass spectroscopy. The primary technical diﬀerence between the two
methods of mass spectroscopy is the unique ion optical setup of the nanoSIMS instrument. Con-
ventional SIMS is hindered by the necessity to have both the objective lens of the primary ion
column and the extraction optics as close to the sample as possible. Close proximity to the
sample is necessary to generate a short and intense beam through the objective lens, and to
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collect the maximum amount of secondary ions at the extraction optics. The physical size of
these optical systems leads to a large working distance forcing optics into unfavourable positions.
NanoSIMS overcomes this problem by using a co-linear optical setup. This simultaneously fo-
cuses the primary ion beam and collects the majority of secondary ions. The setup is shown in
Figure 2.14. The multi-collection system consists of an electron microscope, a secondary electron
detector, five electron multipliers, a Faraday cup, NMR magnet control and an electron gun.
Figure 2.14: NanoSIMS schematic diagram. The nanoSIMS instrument consists of a duoplasmatron source
with two reactive ion sources of O− and Cs+ respectively. The nanoSIMS diﬀers from conventional SIMS setup
by having a co-axial primary beam and secondary ion collector system allowing larger working distances and
optimal lens calibration. From Stadermann, 2002.
NanoSIMS uses a mass spectrometer with good transmission and exceptional resolution (M/δM
> 104) with a small spot size. Low intensity secondary ion signals are detected with electron
multipliers after mass separation in the magnetic sector field. A Faraday cup is employed to
detect higher intensity signals. Simultaneous detection of five secondary ions from exactly the
same volume is possible with four moveable and one fixed detector.
The advantages of nanoSIMS over conventional SIMS include a shorter working distance leading
to a smaller probe size, a higher collection eﬃciency and a minimisation of shadowing eﬀects.
The oﬀset to this is the necessity to have the primary and secondary ions of opposite polarity
and equal energy. This prevents the use of oxygen flooding as a means to minimise matrix
eﬀects. Transmission and sensitivity of the nanoSIMS is limited by the co-axial optic system
which extracts secondary ions back through the primary ion beam system.
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2.5.3 SIMS Sample Preparation and Processing
Samples for all types of mass spectrometers used in this thesis were thin sections. The sample
was coated with 6 nm of Au to prevent charging from the Cs ion source. Element data from
the NanoSIMS50 is output in the form of specialised Multi-isotope Mass Spectrometry images
(MIMS). These maps can be manipulated with ImageJ, a free java-based program, with a unique
MIMS plugin created for use with outputted nanoSIMS images. ImageJ was developed initially
by Wayne Rasband at the National Institute of Health (NIH), USA, for use in analysing medical
images. It is now used in a variety of scientific and non-scientific fields for any type of image
processing. ImageJ is a public domain program and popular due to the vast array of plugins
available online for user-specific tasks. ImageJ can work with 8-bit, 8-bit colour, 16-bit, 32-bit,
RGB and RGB colour images in all major file formats. It can handle stacks, oﬀers 3-D rendering,
measures particle and grain size statistics and can undergo transformations on images. This
thesis uses ImageJ primarily for it’s false colour imaging function.
2.5.4 SIMS Element Analysis
58Ni, 60Ni, 61Ni, 62Ni and 64Ni are the five stable isotopes of naturally occurring Ni. 58Ni is
the most abundant with a natural abundance of ∼68 %. In nanoSIMS analyses Ni can be
measured at either 58 or 60 amu, but interferences occur at 58 amu due to 58Fe and 57Fe1H.
Ni was measured at 60 amu in this study. Na is a mono-isotopic element analysed at 23 amu
with no nearby interfering peaks and is often observed as a surface contaminant. As an alkali
Na has a high positive secondary ion yield. S occurs as two measurable isotopes at 32 and
34 amu and forms negative secondary ions. NanoSIMS in this study measures 32S as it is the
most abundant isotope (∼95 %) and therefore most easily detected. C forms both positive
and negative secondary ions during primary ion bombardment. Negative ions account for the
majority detected although the polarity is dependent on the chemical environment. Carbonates
and carbides mainly form C− ions unlike hydrocarbons which form positive ions (Stephan, 2001).
P is mono-isotopic and generally forms negative 31P secondary ions. Positive secondary ions are
detected in phosphates due to the high P concentrations. In this nanoSIMS analysis PO2 was
detected at 63 amu. O is highly abundant in rocks and as such is observed in both positive and
negative ions. The vast majority of ions detected are negative 16O and 18O ions due to the low
abundance of 17O and high abundance of the interfering peak of 16O1H− (Stephan, 2001). Cr has
three stable isotopes. For nanoSIMS analysis 52Cr is measured due to it’s majority abundance at
∼83.8 %. Significant contributions can be found from the remaining stable isotopes 53Cr (∼9.5
%) and 54Cr (∼2.4 %) as well as the radioisotope 50Cr (∼4.3 %). 54Cr+ is ignored due to the
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presence of dominating peaks for 54Fe. Ti has five stable isotopes which can be found as positive
secondary ions. 48Ti was used in this analysis as it is the most abundant accounting for 73.8 %
of stable Ti isotopes and other than 48Ca has no major interference peaks.
Si is omnipresent in rocks and as such is often used as a normalisation element for abundances
in meteorites and the solar system (Anders and Grevesse, 1989). It has three stable isotopes
(28Si, 29Si and 30Si) and forms mainly positive but also negative secondary ions. 28Si occurs with
the highest natural abundance (∼92 %) and is most easily detected by nanoSIMS. The main
peak interferences to Si are hydrides. Ca has four stable isotopes (40Ca, 42Ca, 43Ca and 44Ca).
40Ca is the most abundant accounting for ∼97 % of Ca’s natural abundance. The second most
abundant isotope 44Ca interferes with 28Si16O and is not as reliable for measuring silicates as
40Ca. Al has nine isotopes. The two naturally occurring and most stable isotopes are 26Al and
27Al. The natural abundance of 27Al lies above 99.9 % and therefore for nanoSIMs analysis Al
is considered a monoisotopic element at 27 amu.
2.5.5 SIMS Operating Conditions for this Work
The Centre for Microscopy, Characterisation and Analysis at the University of Western Aus-
tralia is host to a Cameca NanoSIMS 50 ion microprobe where areas of Acfer 094 matrix were
analysed for this study. The NanoSIMS 50 is capable primarily of mapping trace elements and
taking in-situ isotope measurements of ultra-fine features at a sub-micron level. It can also be
used for depth profiling and 3-D imaging oﬀering a high sensitivity at high mass resolution. A
Cs (Cs+) ion source with a resolution of < 50 nm and an O (O−) ion source with a resolution
of < 200 nm are used to help detect both negative (O−, Te−, Ge−, Ni−, S−, Se−) and positive
(Fe+, Ni+, Co+, Mg+, Ca+, Al+) ions. Some elements can be detected using both positive and
negative but generally have better sensitivity in one polarity.
A resolution of 256 X 256 was used for ion image acquisition. Images are recorded as counts per
pixel, with count times of 40 ms per pixel. Corrections for dead time and quasi-simultaneous
arrival eﬀects were not deemed necessary due to the magnitude of major element enrichment
in the samples. Omitting a dead time correction results in an error of less than 1% relative.
All results are presented as mean ±SD. Internal precisions are dependent on the instrumental
counting statistics and the enrichment of the region. Low internal precision occurs when there
are a low number of counts and high internal precision occurs with a high number of counts.
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2.6 Computed Tomography Scanning
X-ray computed tomography (CT) scanning is a powerful and non-destructive analytical tech-
nique which can create two dimensional cross-sectional images from three-dimensional structures.
It was originally designed as a medical diagnostic tool and it is only in the last 30 years that
CT-scanning has become popular in materials research (Cnudde et al., 2006). Characterisation
of the internal structures of primitive meteoritic specimens is crucial in understanding formation
and subsequent processing of early solar system material. 2-D GSFD data is often derived from
flat polished sections and is unrepresentative of the 3-D specimen.
2.6.1 Theory
The fundamental operation of computed tomography is based on a mathematical technique
called reconstruction. Essentially the 3-D structure is stored as 2-D slices and mathematically
recombined to create a 3-D rendering. The success of CT is due to the system’s ability to demon-
strate slight diﬀerences in material contrast in a sample and to overcome the superimposition
of structures (Reddinger, 1997). Figure 2.15 illustrates the setup involved in the generation of
a CT 3-D data cloud (a series of CT image files). The sample to be scanned is placed inside
an evacuated chamber on an accurate rotation stage between a penetrating X-ray source and
a detector. As the sample rotates through 360◦ on the precision turntable, a conical beam of
X-rays is emitted taking digital projection images at typically 0.5◦ increments.
Figure 2.15: Generation of a CT 3-D data cloud from X-Tek X-Ray Systems. The sample is placed in an
evacuated chamber on a rotation stage
The 3-D data cloud is generated by combining all of the corrected images and employing the use
of a Cone Beam Back Projection technique. Reconstruction occurs simultaneous to X-ray image
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capture providing the user with a real-time progression status. CT image pixels are displayed
in terms of relative radiodensity and are two dimensional units based on the field of view and
the matrix size. When the thickness of the CT slice is considered, the unit becomes a 3-D unit
and is known as a voxel. A computer combines the sequence of corrected images to calculate the
interior structure of the sample and creates a 3-D data cloud of voxels. The data cloud can be
viewed in many software packages and sliced open in any plane revealing the internal structure.
2.6.2 Computed Tomography Scan Artifacts
One of the major drawbacks of CT scanning is the generation of artifacts in sample datasets.
Figure 2.16 shows two DICOM slices in a preliminary scan of the CBa carbonaceous chondrite
Gujba. Aliasing artifacts or streaks are dark lines radiating from sharp corners. They are a
result of the scanner’s inability to sample enough projections of the meteorite. A ring artifact is
produced mechanically due to a detector fault. The partial volume eﬀect and beam hardening
are two of the most common problems found to occur in CT scanning. The partial volume
eﬀect is caused by the scanner’s inability to diﬀerentiate between small amounts of high density
material and large amounts of low density material. The result is a blurring of data over sharp
edges. Beam hardening produces images with a cupped appearance. It occurs when there is
more attenuation in the centre of the slice than the edges. The windmill artifact causes streaking
which can occur when the scanner detectors intersect the reconstruction plane. Noise artifacts
appear as gaining on the image. It is caused by low signal to noise ratio when slices are too thin
or X-rays are unable to penetrate the sample. These artifacts are summarised in Table 2.1.
Figure 2.16: CT scan artifacts in CBa meteorite Gujba. Aliasing artifacts are dark lines emanating from
corners similar to streaks from the windmill eﬀect. Blurred grains are a result of the partial volume eﬀect when
the CT scanner can’t diﬀerentiate between high and low-density material. The cupped eﬀect in the centre of the
CT slice on the left is due to beam hardening. The CT slice on the right is dominated by noise.
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Artifact Identification Cause
Aliasing Sharp corner streaks. Scanner unable to sample enough projections.
Ring Artifact Artificial ring. Mechanically produced due to detector fault.
Partial Volume Eﬀect Sharp edge blurring. Scanner cannot diﬀerentiate between small
amounts of high-density material and large
amounts of low density material.
Windmill Eﬀect Streaking. Detector intersects the reconstruction plane.
Beam Hardening Cupped appearance. Increased attenuation in the slice center.
Noise Image gain. Low signal to noise ratio when slices are too
thin or X-rays are unable to penetrate the
sample.
Table 2.1: A description of the types and causes of artifacts common in CT data sets.
Technical changes can be made during scanning to improve the quality of datasets. Filtering is
a common technique which selects out ranges of contrast that do not correspond to the sample.
It is most eﬀective in reducing beam hardening and the windmill eﬀect. Surrounding the sample
in a material such as sand can improve data collection by altering the degree of contrast between
the sample and it’s surroundings. Most artifacts which cannot be prevented during scanning
can be removed later from the dataset using correction software. These artifacts are spatial and
intensity non-linearities which can be removed from each projected image in the data set by
geometric and shading corrections.
2.6.3 Data Processing
Data from CT scans are output in the form of a series of DICOM (Digital Imaging and Com-
munications in Medicine) files. DICOM is a standard file type used in medical imaging to
handle, store, print and transmit information. The DICOM data format groups information
into datasets and records a number of attributes about each image. CT data results in this the-
sis were processed in the CT specialist software package SPIERS (Serial Palaeontological Image
Editing and Rendering System). SPIERS is a freely distributed software package for align-
ment, data-preparation, viewing and manipulation of 3-D models designed and programmed by
Mark Sutton at Imperial College. It is comprised of three programs: SPIERSedit, SPIERSalign
and SPIERSview with a primary use in preparing CT data files and exporting 3-D models.
SPIERSedit was used to prepare the CT slices for accurate 3-D rendering in SPIERSview. The
original CT DICOM files are converted to BMPs using ImageJ and opened in SPIERSedit.
Datasets can be manipulated dependent on user preference and specific components of a sample
can be isolated for analysis.
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2.6.4 CT Operating Conditions for this Work
A Metris X-Tek at the Natural History Museum in London with an operating voltage of 225
kV was initially used to scan a 666 g sample of the CBa meteorite Gujba. This instrument
oﬀers resolution in the order of 5–125 µm. However, the thickness of the sample and the high
Fe content prevented full X-ray penetration. The sample was re-scanned with the Metris XT H
450 LC at X-Tek Systems Ltd. in Tring. This instrument is composed of a 450 kV micro-focus
source and a curved linear array detector with incredible resolution and accuracy. It has a high
eﬃciency linear detector with > 80 % quantum detection eﬃciency. With a power-rating of 450
W this instrument has an x-ray spot size of 80 µm and a geometric magnification > 15x.
2.7 Crystal Size Distribution
CSD analysis qualitatively measures the kinetics of crystallisation based on textural observations
of rocks. An inherent complication of CSD is that grain measurements are made from thin
sections. As a result, CSD data represents orientation dependent 2-D apparent sizes rather than
representing the true 3-D crystal size. Mayne et al. (2008) completed a study comparing CSD
methodology techniques using Eucrite meteorites. They used three methods: Area-to-volume
Correction, CSDcorrections only and both CSDslice and CSDcorrections. Method 3, using both
CSDslice and CSDcorrections, was favoured as it takes into account 2-D-3-D eﬀects and estimates
3-D crystal aspect ratios.
CSDslice and CSDcorrections
3-D CSDs can be estimated from 2-D sample sections by applying crystal size formulae to raw
2-D data sets and correcting to approximate the third dimension. The 2-D datasets must be
adjusted using CSDslice and CSDcorrections for an accurate stereological conversion of apparent
2-D crystal sizes to true 3-D populations (Higgins, 2006). CSDslice is a spreadsheet containing
a database of 703 crystal habits created by Higgins (2006). It compares raw 2-D minor and
major axes measurements of the least-fit squares of an ellipse representing the sampled grain to
recognised crystal habits and returns the best matching crystals for use in CSDcorrections. A
screenshot of the CSDslice spreadsheet is shown in Figure 2.17(a). Data is entered in the two
columns at the extreme left labelled Major and Minor axis. The spreadsheet divides the data
into 25 bins calculating a normalised frequency. The minimum crystal sections considered to
provide a correct result is seventy five (Higgins, 2006).
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(a) CSDslice. (b) CSDcorrections.
Figure 2.17: CSDslice and CSDcorrections interfaces. Raw data for 2-D grain size is entered into the columns
in CSDslice where the nearest matching crystal habit is determined. This determined habit and other values are
entered into CSDcorrections where the data is converted into 3-D using a series of correcting calculations.
CSDcorrections is capable of correcting grain data for the intersection probability eﬀect (the
probability that a random slice will intersect a large grain) and can reduce errors from the cut
section eﬀect (a single grain can produce diﬀerent section sizes dependent on it’s original orien-
tation) (Higgins, 2000). A screenshot of the spreadsheet is shown in Figure 2.17(b). The user
must input values for the crystal habit information obtained from CSDslice, roundness ranging
from block to ellipsoid, fabric (massive, lineated or foliated) and the total area of the sample
measured. The type of measurement (Box length, Box Width, Maximum length, Ellipse Major
or Ellipse Minor axis) can be chosen from a drop-down menu. Corresponding data is entered in
the columns in the extreme right of Figure 2.17(b).
Several types of CSD plots are generated. The Classic CSD plot is derived by plotting the
natural logarithm of the population density against the size. The size is defined as the longest 3-D
dimension of the crystal. The population density is the number of crystals divided by the volume
and the width of the size interval measured. Crystal Distribution Function plots are composed
with the vertical axis displaying the number of crystals in each interval. CSDcorrections sums
and normalises the crystal numbers resulting in the largest interval having a value of 1 and the
smallest interval having a value of 0. The horizontal axis is the natural logarithm of the size.
2.8 Conclusion
There are no ideal analytical instruments which can oﬀer an all-encompassing dataset without
causing expected drawbacks. Improvements and upgrades to instruments often come at a price,
and aspects of the analytical functionality may be sacrificed for advancement of a single fea-
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ture. Although SEMs were a dramatic improvement on light microscopes, they were the first
imaging instruments to physically damage samples through prolonged exposure. The TEM was
introduced for improved resolution of imaging and more precise chemical analyses. This was
achieved with a higher beam energy and a shorter electron wavelength than was used in the
SEM. However, the compensating advantages of the SEM include the ability to image large
areas at once and it’s accessibility to larger bulk samples: TEM can only map electronically
transparent samples which are time-consuming to prepare. TEM can also be used for calculat-
ing individual crystal orientations (S.I. and D.J., 1998) but the sample preparation and a limited
field of view make this a wary choice of technique when compared to EBSD. There are other
techniques which can measure bulk preferred orientations, but unlike EBSD they do not reveal
information about individual grain orientations (Leiss, 2000). Consequently these methods are
useful for bulk sample analysis but not for tiny matrix grains. Crystal measurements have not
played a significant role in the history of advancement in meteoritical knowledge, despite the
huge wealth of information EBSD data can yield on thermal history. Technological advancement
in analytical instruments are welcomed, however optimal analyses are achieved through the use
of a range of diﬀerent instruments to exploit the advantages of each. Combining SEM, TEM,
EBSD, NanoSIMS, CT and CSD analyses oﬀers an overall view of the petrology, chemistry and
crystallography of a material which cannot be achieved by a single method alone.
2.8.1 Sample Selection
As part of a consortium study involving mineralogy, petrology, crystallography, chemistry and
grain-size work, a suite of carbonaceous chondrites were selected from collections at the Natural
History Museum in London and the Muse´um National d’Histoire Naturelle in Paris. These me-
teorites (see Table 5.2) have formed the basis for the study of carbonaceous chondrites in this
research.
Although individuals in the sample suite have undergone secondary alteration, it is in most
cases not severe enough to mask primary cooling structures. Ideally selected samples would be
observed falls thereby minimising the eﬀects of terrestrial weathering, but this is only the case
for one sample. However, the remaining samples fell within the last century and often in hot
deserts which oﬀer some protection from weathering. Thin sections and fragments analysed were
cut away from the fusion crust and outer layers subjected to heat alteration upon atmospheric
entry.
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Acfer 209
475 kg of the CR2 grouped carbonaceous chondrite Acfer 209 was found near Acfer in Algeria
(27◦ 30’ 17”N, 3◦ 52’ 54” E) in 1991 (Grady, 2000). Six pieces were found but this was not an
observed fall. Ten mineralogically and chemically similar chondrites including Acfer 209 and El
Djouf 001 were found 500 km apart in the Sahara, but are believed to have been the result of
a single fall (Bischoﬀ et al., 1993a). These samples are sometimes referred to singularly as the
Acfer-El Djouf meteorite. The meteorite has large chondrules up to 1 cm and ∼8–10 vol% FeNi
metal and dark inclusions. The majority of CAIs are rich in spinel and melilite and less than
300 µm, in diameter. Metal in Acfer 209 is pristine, unaﬀected by weathering processes and
is largely found within chondrules indicating an involvement with a metal-silicate equilibration
during chondrule formation. Pronounced zoning patterns such as those found in HaH 237 are
not present in Acfer 209 or any specimens of the CR group. SIMS analysis by Schoenbeck et al.
(2005) found that there was a positive correlation of V and Cr and of Co and Cr in both Acfer
209 metal and unzoned metal grains in HaH 237, further supporting a (re)equilibration event.
Silicon in Acfer 209 metal grains both in chondrules and elsewhere are found to exhibit extreme
variation, while chromium and phosphorous are more homogeneous. Acfer 209 has an average
metal volume of ∼8–10 vol% with a composition (including chondrule and matrix metal) of 93.15
wt% Fe, 6.5 wt% Ni, 2765 ppm Co, 2220 ppm Cr, 3020 ppm P and 375 ppm S (Schoenbeck and
Palme, 2004). Acfer 209 is mildly shocked and weathered with classified stages of S2 and W2
respectively.
Bencubbin
Bencubbin is a CBa carbonaceous chondrite breccia in the same group as Gujba and another
sample called Weatherford. 118 kg of Bencubbin was found in Australia on July 30th, 1930
at coordinates 30◦ 45’S, 117◦, 47’E (Grady, 2000). It was not an observed fall. Bencubbin is
composed of achondritic silicate clasts and metal clasts (∼60 vol% (Consolmagno et al., 2007))
fused by a glass-metal melt. This melt is indicative of a major shock event. Metal clasts are
often rounded aggregates of sulphide grains and sub-mm kamacite grains which show evidence
of fractionation. Silicate clasts lack FeNi metal indicating a formation predating FeNi metal
condensation. However they show evidence of skeletal olivine and cryptocrystalline textures.
Bencubbin in enriched in the heaviest nitrogen found in any chondrite, most likely attributable
to an interstellar origin. At least two late shock events are recorded in the metal of Bencubbin
during which recrystallisation and minor diﬀerentiation occurred. Shock stages in meteorites
are usually determined by analyses of porphyritic olivine-pyroxene chondrules. Their absence
in Bencubbin and HaH 237 make shock stage determination diﬃcult. However, the existence of
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metastable FeNi metal condensates adjacent to shock melts indicates a light shock stage (S2-S3)
(Meibom et al., 2005) and that the average rock temperature was not substantially increased.
The similar shock stages of Bencubbin, Gujba and HaH 237 are suggestive of a common asteroidal
parent body.
Hammadah al Hamra 237 (HaH 237)
HaH 237 is a CBb carbonaceous chondrite breccia formed by the combination of two separate
nebular condensates and is in the same group as another meteorite called QUE 94411. It has 60–
70 % metal making it the most metal-rich carbonaceous chondrite. 3.17 kg of the Bencubbinite
HaH 237 was found as an unobserved fall in the Sahara Desert in Libya on October 18th, 1997.
It has a high metal content of ∼57 vol%. Metal grains, chondrules and silicate mineral fragments
make up the majority of material in this chondrite, with one CAI reported (Zipfel et al., 1998).
These primitive components underwent a size-sorting process inside the nebula. Metal spheres
(up to 5 mm), silicates, glass and hydrated lithic clasts (matrix lumps) were all fused together
by shock lithification. Similarities between HaH 237 and other metal-rich chondrites (Allan Hill
85085 (Scott, 1988), and Bencubbin) and CR chondrites have been found (Bischoﬀ et al., 1993b).
Isheyevo
Isheyevo is the only meteorite classified as a cross-over between a CH and a CBb chondrite. This
metal-rich Bencubbin-like carbonaceous chondrite was found as an unobserved fall in October
2003 near Bashkortostan in Russia at 53◦ 37’N, 56◦ 20’E. A single 16 kg stone was found in
the Ishimbai region near the village of Isheyevo during harvest in a field by a tractor-driver.
The sample has a dark brown and well-developed fusion crust and is composed of chondrules
(CC, POP, PO and BO) and chondrule fragments, hydrated matrix lumps, CAIs and FeNi
metal grains. Rare zoned olivine-pyroxene chondrules have also been found. The sample is
transitional to a CH chondrite displaying evidence for two lithologies which smoothly transition
between each other. They consist of a dominant metal-rich (50–70 vol% (Ivanova et al., 2008))
lithology similar to CBb HaH 237 and a metal-poor (7–20 vol% (Ivanova et al., 2008)) lithology
similar to CH chondrites. Chondrules ranging in size from 0.2–1 mm are abundant in the metal-
poor lithology and account for up to 90 vol%. The metal-poor lithology contains as low as 30
vol% chondrules with sizes ranging from 0.1–0.4 mm (Ivanova et al., 2008). Although the two
lithologies are chemically very diﬀerent, individual components such as CAIs, chondrules and
metal grains are not. Furthermore, there are no clasts containing a mixture of both metal-rich
and metal-poor lithologies. This lead Krot et al. (2008) to conclude that Isheyevo is not a result
of a combination of CB and CH fragments, but that the wide diversity of components formed
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at diﬀerent locations during unique events e.g. an initial evaporation/condensation process and
later within an impact-generated plume. Isheyevo is a petrological type 3, shock stage S1 and
weathering grade W1.
Gujba
Gujba is a CBa coarse-grained meteorite fall composed of 41 vol% large metal globules. The
origin of these kamacite grains may be the result of a non-nebular event such as an impact plume
(Campbell et al., 2002), (Rubin et al., 2003). Approximately 100 kg of Gujba was observed to
fall in near the village of Bogga Dingare in Yobe, Nigeria, on April 3rd 1984. Much of the
meteorite was hammered into separate fragments by locals and sold to traders. It is a shock
stage S2 and weathering grade W0. The siderophile abundance pattern of Gujba is similar to
that of Bencubbin. Gujba is composed primarily of large metal nodules with troilite, pyroxene
and rare olivine silicates, cryptocrystalline silicate spheroids (Rubin et al., 2003) making it a
perfect candidate for metal grain-size analysis. In this work grain-size analysis for Gujba is
presented and compared to GSFD of other CB chondrites.
Acfer 094
Despite the comprehensive classification of meteorites there are still some samples which cannot
be comfortably placed in any of the groups. One of the best known ungrouped carbonaceous
chondrites is Acfer 094 and it may need to be designated as a group of it’s own. 82 g of Acfer
094 was found near Tamanghasset in Algeria at 27◦ 44’N, 4◦ 26’E. With aﬃnities to both CO
and CM chondrites (Bischoﬀ and Geiger, 1994) the meteorite remains oﬃcially ungrouped. In
1994 Acfer 094 was proposed as the first CM3 chondrite (Bischoﬀ and Geiger, 1994). Later
work (Newton et al., 1995) supported a CO3 or CM2 type. Due to it’s primitive nature and
abundance of presolar grains many studies on the matrix of Acfer 094 have been published. The
matrix was classified as clastic due to the large mineral fragments present. Grains < 50 µm
account for 62.5 % of the meteorite. These fragments can be metals, sulphides, olivines and
pyroxenes within a size range of 10–50 µm.
An estimated 30–40 % of the entire chondrite is made of grains < 10 µm. At these smaller grain-
sizes, electron microprobe analysis (EPMA) becomes unsatisfactory and transmission electron
microscopy (TEM) techniques have to be employed. Initial TEM analysis revealed a great abun-
dance of tiny forsteritic olivines, enstatite pyroxenes and FeNi sulphides, as well as amorphous
areas. Phyllosilicate abundance was less than 2 % and may have been entirely due to terrestrial
alteration processes. A thorough TEM study of Acfer 094 matrix was completed in 1997 by
Greshake (1997). The fine-grained matrix was resolved and mineral constituents were identified.
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Chapter 3
Chemical Analysis of Meteoritic Metal
3.1 Introduction
Secondary Electron Microscopy analyses of thin sections is a standard method used to obtain
chemical information on meteoritic metal grains. Most chondrites (and their owners) are not
amenable to disaggregation techniques which provide little to no information about element
location or environment. The majority of previous literature reporting SEM chemical analysis
data has been collected on iron meteorites with a focus on chemical abundances. Here metal
grains are examined in four carbonaceous chondrites: Bencubbin, HaH 237, Isheyevo and Acfer
209.
Metal in CBa Bencubbin occurs as either large clasts up to 6 mm in diameter or as interstitial
sub-µm to micron droplets embedded in a silicate material (Weisberg et al., 1990). Metal in
Bencubbin is compositionally very similar to that found in CR chondrules. However Ni contents
in Bencubbin rarely goes above ∼8 % and metal in chondritic clasts is directly related to the host
FeNi (Weisberg et al., 1990). Ni and Co are positively correlated in Bencubbin’s metal, with
a slope similar to the calculated condensation path of solar abundances (Newsom and Drake,
1979). Ni and P is negatively correlated. In this work, chemical point analysis and element maps
of large FeNi metal clasts in Bencubbin are collected to determine the distribution of elements
within the host metal.
CBb HaH 237 has metallic and silicate components which suggest it preserves a record of very
energetic and dynamic high-temperature processes in the early solar system (Hezel et al., 2003;
Petaev et al., 2003; Campbell and Humayun, 2004). A large percentage (∼20 %) of HaH 237 has
convex-shaped Ni zoning patterns (Petaev et al., 2003; Petaev and Wood, 2005). In this study
a single region of HaH 237 is analysed for point, line and map element data from a range of
adjacent metal grains. Despite occurring in the same location these grains vary in basic chemical
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composition and exhibit evidence for local deformation. Zoning profiles are plotted for Cr, Ni
and Co and compared to previous results.
Isheyevo’s dual lithology composition is highly suggestive of an agglomeration of components
including FeNi metal grains which formed under diﬀerent conditions and in diﬀerent locations,
either during nebula formation or accretion. This breccia-like chondrite bridges the gap between
unusual metal grain types found in both CH and CBb chondrites. FeNi metal lithologies are
more common than metal-poor lithologies and FeNi metal varies in abundance from 7–90 %
(Ivanova et al., 2008). Previous chemical analysis of Isheyevo reveal chemically homogeneous
and zoned FeNi metal grains. Unzoned grains contained ∼4.2–14.3 wt% Ni, 0.2–0.5 wt% Co and
0.03–0.6 wt% Cr, with a positive correlation between Ni and Co (Ivanova et al., 2008). 20–30
% of Isheyevo’s FeNi metal grains were found to be chemically zoned with Ni and Co decreas-
ing and Cr increasing towards the rim of the grain. An unusual zoned grain in the metal-rich
lithology of Isheyevo is analysed where a TEM section was extracted. This grain is zoned in Fe
and P across two individual grains.
Metal in Acfer 209 occurs as isolated metal grains, within chondrules or on chondrule rims.
Previous chemical analyses have shown that average compositions of metal in Acfer 209 in
chondrule and matrix is 92.65 wt% Fe, 6.99 wt% Ni with lower detections of Co (2830 ppm), Cr
(3140 ppm), P (3240 ppm) and Si (450 ppm). Chondrule metal in Acfer 209 was found to be
composed of an average of 93.65 wt% Fe, 6.1 wt% Ni, 2700 ppm Co, 1300 ppm Cr, 2800 ppm
P and 300 ppm Si (Schoenbeck and Palme, 2004). Data is collected from large isolated metal
grains which reveal evidence of twinning and strain.
3.2 Bencubbin
3.2.1 Petrology of Silicate and Metal Material
Bencubbin is an unweathered fall containing roughly equal quantities of metal and silicate frac-
tions (Newsom and Drake, 1979). It contains remarkably ellipsoidal metal and silicate globules
as well as irregular globule fragments. Bencubbin is a polymict breccia and texturally resembles
Gujba (Rubin et al., 2003) and Weatherford (Mason and Nelen, 1968).
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Figure 3.1: BSE image of the Bencubbin thin section sample used in this analysis. Bencubbin is host to two
diﬀerent textural settings. Large metal clasts appear white and silicates grey. Most metal in Bencubbin occurs
as large clasts, while other metal is found as an interstitial material embedded in a silicate background. Much of
the metal is fragmented and dispersed as isolated inclusions with irregular re-entrant boundaries. Areas of high
resolution SEM imaging are highlighted.
Silicate Clasts
Silicate clasts have textures similar to chondrules and appear to be large chondrules and chon-
drule fragments (Figure 3.1). They are large (several mm) and have angular to curved surfaces.
Immiscibility of Metal and Silicate Melt
FeNi metal with small (< 5–25 µm) blebs of silicate glass occur throughout Bencubbin interstitial
to larger metal grains, chondrules and metal/chondrule fragments (Figure 3.2(b)). This feature
conforms to the description of a shock melt described in (Meibom et al., 2005) consisting of
droplets of metal/sulphide embedded in silicate glass with a texture indicating the immiscibility
of metal and silicate melt. This melt is observed to weld the larger metal and silicate particles
together. Weathered oxide veins are observed to form boundaries over and dissect FeNi metal
grains (Figure 3.2(a)), and divide single grains into separate regions (Figure 3.3(a)).
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(a) Weathered oxide veins. (b) Immiscible metal/silicate melt.
(c) Irregular kamacite grain. (d) Internal microstructure.
Figure 3.2: (a) Immiscible silicate blebs over an FeNi metal grain which contains weathered oxide veins. (b)
High resolution SEM image of the region with immiscible blebs of silicate glass and FeNi spectra locations (Table
3.1). (c) Kamacite metal grain of ∼429 µm surrounded by silicates and regions of silicate melt. (d) Visual
contrast diﬀerences in the metal indicate changes in Ni content. A line spectrum of four points separated by 20
µm is shown.
FeNi Metal
The reticulation of metal consists of a directed fabric of FeNi devoid of any distinct etch pattern
(Figure 3.1). Troilite is not generally aggregated with metal but tends to finely lace silicates.
Bencubbin is host to irregularly-shaped FeNi metal grains surrounded by silicates and regions
of silicate melt (Figure 3.2(c)). Chemical analyses of Bencubbin FeNi metal generally show a
high-Fe and low-Ni content with traces of Cr and P. Detections of C is likely to be a combination
of C contained within the metal and contamination from C-coating during sample preparation.
Chemical line analyses (Figure 3.2(d)) suggest the presence of kamacite bcc Fe with Fe:Ni weight
percent ratios of 13.6:1, 14.3:1, 13.2:1 and 13.9:1. Minor amounts of P and Cr were also detected
but reside below SEM detection limits (Table 3.1).
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FeNi metal in Bencubbin generally has a polygonal microstructure (Figure 3.3(b)). Polishing
scratches observed as straight lines are common on metal in this sample. Spot chemical analyses
(locations shown in Figure 3.3(b)) across the polygonal texture of an FeNi metal grain revealed
Fe, Ni and Cr were the dominant elements with traces of P, S, F and C detected.
(a) BSE of kamacite region. (b) Internal polygonal microstructure.
Figure 3.3: (a) BSE image of FeNi metal, silicates and immiscible metal/silicate melt in Bencubbin. (b) A
polygonal microstructure with non-linear and re-entrant crystal boundaries is observed across weathered veins.
Chemical spectra locations are indicated.
The distribution of these elements is observed in X-ray element maps (Figure 3.4). Dark areas
indicate low element detection. The most abundant elements in the metal grains are Fe and
Ni with some minor Co and Cr. Ni is evenly distributed over regions of Fe. There is a spatial
correlation of O, Mg and Si (Figure 3.4(a)) that visually highlights metal grain boundaries. This
reveals rounded to sub-rounded fragmented metals ranging in size from ∼20–40 µm. Ca and Al
show no major abundance and a random distribution in non-Fe regions.
(a) R=Si, G=Mg, B=S (b) R=Fe, G=S, B=O (c) R=Co, G=Ni, B=Cr
Figure 3.4: X-ray RGB-combined maps of the elements O, Mg, Si, Fe, Cr, Ca, Ni, Co, S and Al. The grains
are high in Fe and Ni, interspersed with S inclusions and surrounded by a silicate magnesian material. Fe and S
do not spatially correlate indicating a lack of the troilite phase.
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3.2.2 Sulphides
Inclusions of S were observed dispersed across FeNi metal with a nominal tendency towards the
central region of silicate melt (Figure 3.4(a)). Sulphides spatially correlate with Cr, but do not
with Fe, i.e. there is no troilite detected in this grain. All S is detected as inclusions within the
FeNi grain and is not associated with the surrounding silicate magnesian interstitial material.
There were 107 sulphides identified in this region with an average area of 10.6 µm2 and a very
high circularity of 0.89 (where a perfect circle is 1).
3.3 HaH 237
HaH 237 is a meteoritic find containing CAIs, heavily hydrated matrix lumps composed of
phyllosilicates, Ca-carbonates, framboidal magnetite, and prismatic FeNi sulphides Krot et al.
(2000) (Figure 3.5). A largely metallic surface is interspersed with olivine chondrules and silicate
inclusions (Figure 3.6).
(a) R=Si, G=Ca, B=Al (b) R=Si, G=Mg, B=O
(c) R=Fe, G=Ni, B=Cr (d) R=Mg, G=K, B=Cl (e) G=Mn, B=O.
Figure 3.5: RGB maps of HaH 237 whole sample section. There is a high abundance of FeNi metal interspersed
by large silicate-magnesian inclusions. Oxide veins are observed in abundance along the lower edge of the sample
and surround metal and silicate aggregates. Mn and P spatially correlate with FeNi metal inclusions.
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Figure 3.6: BSE map of HaH 237 sample with the area chosen for analyses shown. This sample is a thin section
from the Natural History Museum in London. White represents high-Z FeNi material while silicates are reflected
as dark inclusions. The sample exhibits preferred orientation and particle alignment of metal grains indicating
it was subject to mechanical deformation.
3.3.1 Evidence for Weathering and Mechanical Deformation
Cl is detected in the lower left hand region of Figure 3.5(d) and covers an area of ∼1.2 mm2.
Weathered oxide veins ranging in size from fifty to several hundred microns are visible along the
lower edge of the sample and surround metal and silicate aggregates. There is strong evidence
for mechanical deformation i.e. flattening and particle alignment in HaH 237. SEM imaging and
X-ray map montaging of HaH 237 reveals visible deformation and elongation of metal grains in
a SW-NE direction (Figure 3.6).
3.3.2 Immiscibility of Metal and Silicate Melt
A large FeNi metal grain was observed embedded with several regular and smooth-edged silicate
grains (Grain 7 in Figure 3.7). Their high degree of roundness is similar to shock melts previously
observed in Bencubbin. Chemical analysis (Spectrum 14) of a silicate bleb indicates a glassy
ferrous silicate material with some chemical variation (in wt %): MgO, 22.3; Al2O3, 1.9; SiO2,
24.8; CaO, 2.7 and Cr2O3, 0.8. Silicate melt features are observed to connect kamacite FeNi
metal grains to silicates between Grains 3–4 and 5–6 in Figure 3.7. Dendritically intergrown
FeNi-metal is surrounded by silicate glass. Abundant magnesian silicate fragments are embedded
within the melt. Element maps reveal that these melt pockets are composed of smooth rounded
FeNi inclusions ∼10 µm in diameter surrounded by a melt of predominantly Si material with
traces of Mg, P, and some Ca hotspots (Figure 3.10). These melt pockets fill spaces between the
surrounding kamacite grains.
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3.3.3 FeNi Metal
Metal occurs as (1) large (mm-sized) aggregates with uniform composition and some sulphides,
(2) smaller (100–300 µm) homogeneous and (3) inhomogeneous irregular grains and (4) radially
zoned grains (100–500 µm) Campbell et al. (2001). These grains are observed in a single metallic
region of HaH 237 (Figure 3.7).
Figure 3.7: BSE image of HaH 237 metallic region. Grains are labelled 1–7 in orange for reference throughout
this section. The location of chemical point and line analyses are shown in blue on Grain 4, 6 and 7. All metal
grains are close-packed. Large black rounded to sub-rounded particles observed in Grain 7 are silicate inclusions.
Regions of immiscible metal/silicate melt are highlighted by a yellow dashed line.
Large Aggregates
Grain 7 is a large (mm-sized) FeNi metal aggregate containing silicate blebs. Spectra 1–5 reveals
an Fe-rich and Ni-poor kamacite phase with Fe:Ni ratios in weight percentages of 16.1:1, 15.1:1,
15.5:1 and 15.4:1 respectively. Traces of Cr and P in spectrum 4 and 5 are detected but are
below SEM detection limits.
Smaller Irregular Homogeneous Grains
Grains 2, 3 and 5 are small irregular homogenous grains displaying an interlocking crystalline
texture. Grain 5 is the most Fe-saturated metal grain contrasting against a Ni and Co-rich Grain
3 (Figure 3.8(a)). Traces of Mn, P and Na were observed in all FeNi metal grains but are most
depleted in Grain 1 and 5 (Figure 3.8(e)).
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(a) R=Fe, G=Ni, B=Cr. (b) R=Fe, G=Ni, B=Cr. (c) R=Mg, G=Ca, B=Al.
(d) R=Si, G=S, B=Co. (e) R=Mn, G=P, B=Na. (f) R=K, G=Ni, B=S.
Figure 3.8: RGB colour element maps of HaH 237. (a) Diﬀerences in Fe and Ni content indicate the presence
of taenite and kamacite metal. High Fe content is observed in all metal grains. A relative depletion of Fe to
adjacent grains is observed in Grain 3 where Ni concentration is higher. (b) Variance in Ni content indicates the
presence of zoned taenite. (c) A silicate chondrule below Grain 4 exhibits evidence for CAI inclusions. Interstitial
melt areas are abundant in Si, Mg and Na. (d) S inclusions in Grain 4 indicate troilite which are surrounded
by Ni-veins. (e) Na is absent from Grain 1 and 5. An abundance of Na is observed in the chondrule, CAI and
interstitial melt areas. Grain 5 is enriched in K.
Smaller Irregular Inhomogeneous Grains
Grain 4 is a metal grain exhibiting variations in Fe and Ni abundances indicating the presence
of α-kamacite (bcc) and γ-taenite (fcc). Chemical spot analysis (locations shown in Figure 3.7)
qualitatively confirm a composition of kamacite (spectra 6, 7, 8), troilite (spectra 9, 10, 11)
and taenite (spectrum 12 and 13). The respective Fe:Ni weight percent ratios of spectra 6–8 are
15.8:1, 13.2:1 and 10.2:1. The Ni content increases slightly in spectra 7 and 8 but the ratio is still
in agreement with that expected for kamacite metal. Troilite inclusions are mainly composed
of Fe and S with a minor detection of Ni (1.11 wt%) in spectrum 10. Troilite inclusions are
round, smooth and range in size from 3–15 µm. Wt% ratios for spectra 9–11 are Fe:Ni; 1.8:1,
1.8:1 and 1.7:1. Taenite is observed in spectrum 12 and 13 with Ni contents of 24.62 wt% and
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24.47 wt% respectively. It is not uncommon for taenite and kamacite to be in close proximity.
Several taenite grains in the Ni element map vary in Ni content indicating that zoned taenite
is present (Figure 3.8(b)). Ni occurs as a vein of material interconnecting troilite blebs (Figure
3.8(a)) and is most concentrated in the lower part of the grain. There is a distinct absence of P
in Grain 1 and 5 (Figure 3.8(e)).
Radially Zoned Grains
Compositional line profiles for each element were generated from X-ray maps across the major
and minor axes of Grain 1 and 2 using SX100 software. Data from a line profile with chemical
points taken every 50 µm was collected from Grain 6. The line spectrum across Grain 6 confirms
a kamacite composition. Three chemical line profiles across two grains (Grain 1 and 2) were
collected (Figure 3.9). The major axis of Grain 1 and 2 reveal Ni and Co increasing from grain
rim to core and Cr decreasing from rim to core. Fe is also zoned in these grains but due to it’s
high abundance is outside the range of this scale. There is no significant zoning of Cr or Co in
the minor axis line profile of Grain 1, but Ni is observed to increase from grain rim to core. This
is likely due to the short (40 µm) length of analysis.
(a) Chemical profile location. (b) Minor axis Grain 1 (yellow line 1).
(c) Major axis Grain 1 (red line 2). (d) Major axis Grain 2 (blue line 3).
Figure 3.9: All plots are from top: Cr, Co and Ni. (a) Locations of the zoned grain compositional line profiles
in Grain 1 and 2. (b) Minor axis element distribution. Ni increases from rim to core. There is no significant
zoning of Co or Cr due to the shorter analysis length (40 µm). (c) The zoning trends of Ni are more pronounced
in the major axis, as well as an increase of Co from rim to core and a decrease in Cr. (d) Zoning profile across
Grain 2. Ni and Co increase from grain rim to core while Cr decreases.
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Results of five data points in a chemical point line spectra (locations in Figure 3.7) reveal that
Grain 6 is zoned in Ni; the Ni content steadily increases towards the centre of the grain before
decreasing towards the rim. Points analysed were separated by 50 µm and recorded from left to
right across the surface. All points contain FeNi with no other minor elements detected. The
Fe:Ni weight percentage ratios of this metal are diﬀerent to those found in other grains. Their
Ni content is almost double those found earlier in spectra 1–8. FeNi ratios of 8.4:1, 8.1:1, 8:1,
8.3:1 and 9.5:1 for spectra 1–5 were recorded and are within reasonable limits of kamacite.
3.3.4 Silicate Phases and Calcium-Aluminium Inclusions
A 75 µm wide silicate inclusion with embedded Ca,Al inclusions (CAIs) was observed below
Grain 4. In Figure 3.10(a) a vein is observed to extend over the inclusion and tapers into finer
channels as it approaches the rim of the inclusion. An Fe, K, Si element map reveals that this
vein contains Fe and K, and although no O data was recorded it is likely to be a weathered FeO
vein. This inclusion displays an unusual array of phases as shown in Figure 3.10(c) and is host
to randomly dispersed CAIs of 1–2 µm in diameter (Figure 3.8(c)).
(a) BSE image. (b) R=Fe, G=K, B=Si. (c) R=Mg, G=Ca, B=Al.
Figure 3.10: (a) BSE image of an unusual mix of phases covered by an FeO weathered vein. (b) RGB element
map of silicate phase where R=Fe, G=K and B=Si. (c) A mix of phases and embedded CAIs are observed in
the element map where R=Mg, G=Ca and B=Al.
3.4 Isheyevo
3.4.1 High-Ni Kamacite Regions
Grain boundaries are not observed to correlate with regions of High-Ni. These regions which
can encompass several grains are indicated by a dashed red line in Figure 3.11 and Figure 3.12
are irregularly shaped and typically have a width of ∼50–70 µm. There are an abundance of
High-Ni regions along the rim of the sample, but generally inclusions are randomly distributed.
Data from the high-Ni region in Figure 3.11 (d) revealed mean Fe content was 93.8 wt% inside
and 92.2 wt% outside the region. The 1.6 wt% deficit is accounted for by a 1.8 wt% increase in
the mean Ni content inside the region (a mean of 6.0 wt% inside and 7.8 wt% outside).
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Figure 3.11: BSE image of Isheyevo. Metal is abundant and distributed as a mass of interconnected inclusions.
(a) Thin section of Isheyevo. (b) Lower left-hand region reveals interlocking metallic and silicate grains. (c)
Ni-rich regions are observed by high Z-contrast. (d) The locations of chemical point analysis.
Data from a six point line spectra with 20 µm spacing (Figure 3.12) across a high-Ni region
revealed that increases in Ni are balanced by a decrease in Fe. Mean Fe content was 92.7 wt%
inside and 94.2 wt% outside the region. The 1.5 wt% deficit is accounted for by a 1.5 wt%
increase in the mean Ni content inside the region (7.2 wt% inside and 5.7 wt% outside).
(a) BSE image of Isheyevo FeNi metal grains. (b) Line spectra separated by 20 µm.
Figure 3.12: Line scan and spectrum points on Isheyevo metal grains. All FeNi metal grains fall within the
expected ranges for kamacite bcc. Higher Ni concentrations are located in the red-dash outlined high-Z contrast
regions.
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3.4.2 Zoned FeNi Kamacite
SEM EDS and WDS analyses are superseded by electronically transparent TEM sections in
terms of resolution. TEM sections are extracted by FIB-milling. SEM analyses were collected
in a region where a TEM section was extracted (Figure 3.13(a)). Chemical and crystallographic
results from the TEM section are presented in the next chapter. A 54.7 µm chemical line-profile
(yellow line in Figure 3.13(a)) across two metal grains reveals variation in chemical element
abundances. Zonation of Fe is observed as abundance increases across Grain 1, declines at the
∼43 µm grain boundary and continues on it’s upward trend through Grain 2 (Figure 3.13(b)).
P follows a similar trend but the profile is undisturbed by the grain boundary. Cr is depleted in
Grain 2 with respect to Grain 1. Average S abundance remains steady across the grains.
(a) BSE image of spectra locations. (b) Chemical comparison of spectra.
Figure 3.13: (a) Line scan (yellow) on Isheyevo metal grains around the extraction region of a TEM section.
The linescan’s margin of error is shown in magenta. (b) Chemical line profiles across Grain 1 and 2. Fe increases
across the grains while P and Pt decrease. Peaks of Si, Ca, Mg and O are observed at the grain boundary.
(a) R=Fe, G=Au, B=Mg (b) R=P, G=Ni, B=O (c) R=Si, G=Ca, B=Pt
Figure 3.14: (a) Fe is the dominant element with traces of Au from the sample preparation process located on
either side of the TEM extraction point. (b) Ni correlates with regions of Fe. (c) A silicate-magnesian inclusion
is observed in the lower left-hand corner. Pt from TEM production is detected near the FIB-trench.
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Higher abundances of Ga are observed in Grain 1 due to the Ga+ ion-beam used to cut the
FIB-trench in this area. The use of Pt in the TEM extraction procedure is evident from the
high Pt concentrations detected at the section boundary (Figure 3.14(c)). Au in Figure 3.14(a)
is due to gold-coating as vapours of Au and Pt likely mixed during deposition. Fe-depleted grain
boundaries are replaced by peak abundances of Si, Ca, Mg and O indicating an olivine/pyroxene
interstitial material (Figure 3.13(a)) interconnecting kamacite grains.
3.5 Acfer 209
Acfer 209 is characterised by large (∼300 µm–mm) metal aggregates dispersed throughout the
matrix, small (∼20–100 µm) metal grains in the matrix and chondrule-associated metal. These
variations are observed in the sample element map (Figure 3.15).
Figure 3.15: Element map of Acfer 209 courtesy of Anton Kearsley, 2005 (Si = blue, Mg = green, Al = white
and Fe = red). Fe metal is observed as isolated grains in the matrix, in chondrules or on chondrule rims.
3.5.1 Small Matrix and Chondrule Metal
Small sub-mm metal grains are observed inside and on the rims of chondrules. Chemical analyses
of small metal grains in the matrix and in chondrules indicate that the primary phase is kamacite.
A ∼30 µm circular metal grain embedded in the matrix (Figure 3.16) contains an Fe:Ni weight
percentage ratio of 26.4:1. The Ni content in both the matrix and chondrule metal is lower than
typical kamacite grains and the diﬀerential is accounted for with the inclusion of minor elements.
In the matrix grain Ni content is 3.6 wt% and F is detected at 1.4 wt%. In the chondrule metal
grain, the mean Ni abundance is 5.2 wt% and there are minor elements of F (mean of 1.3 wt%)
and P (1.4 wt%). The Fe:Ni weight percentage ratio of chondrule metal is 17.8:1. The elemental
abundances for matrix and chondrule metal are very similar despite the locational diﬀerences.
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Figure 3.16: Left: Matrix metal. The location of spectrum 1 on a round metal grain. Right: Metal inside a
chondrule. High resolution-BSE image of metal inside a chondrule and the location of two internal spectra.
Chondrule metal has been aﬀected by weathering and displays oxide or sulphide veins emanating
from it’s centre. Similar material surrounds the larger metal inclusion in the chondrule which
has an irregular and re-entrant shape indicative of the weathering process.
3.5.2 Large Matrix Metal Texture
Individual crystals of large (∼600 µm) matrix metals are composed of interlocking polygonal
grains > 40 µm (Figure 3.17). A boundary between two such crystals is shown in Figure 3.17 (b).
The crystal boundary is non-linear and is somewhat re-entrant with concave-convex structures.
A series of parallel lines running NW-SE emanate from the boundary and are probably twin
planes or evidence of exsolution. Parallel lines are separated by∼10 µm and undergo a directional
change as they cross the boundary. Rounded inclusions are observed with high-Z contrast
throughout the grain. Long black streaks across the image are polishing scratches.
Figure 3.17: (a) BSE image of a large ∼600 µm metal grain in Acfer 209. The grain is segmented into
geometrical shapes with parallel strips of material observed indicative of twinned features. (b) Metal phase
border and chemical spectra locations and twin planes highlighted.
Chemical analysis of the region reveal that element abundances are similar across the entire
grain with visual textural diﬀerences due to variations in Ni content. Ni content ranges from
it’s lowest abundance in spectrum 2 (Figure 3.17 (b)) of 5.24 wt%, to it’s highest abundance in
spectrum 1 of 11.1 wt%. The entire grain is kamacite bcc phase. The Fe:Ni weight percentage
ratios of spectra 1–4 are 8:1, 18:1, 16.6:1 and 10.4:1 respectively.
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3.6 Discussion
3.6.1 Metal Grains and Evidence for Nebular Condensation
Earlier analyses have concluded that zoned metal grains are a result of a condensation process
(Petaev et al., 1999; Meibom et al., 1999; Weisberg et al., 2000). The zoning observed in HaH
237 could not have been produced by fractional crystallisation from a metallic melt. Ni is in-
compatible in partially molten Fe-Ni systems and would be expected to exhibit a concave zoning
pattern, rather than the convex profile observed, had crystallisation occurred from the inside
out. Analysis of Bencubbin metal grains revealed chemical homogeneous clasts but with varia-
tion between clasts. Newsom and Drake (1979) observed that there was an agreement between
the metal condensation path and concentrations of Co and Ni, and P vs. Ni concentrations.
This led to the suggestion that Bencubbin metal grains are a chemical record of nebular metal
condensation. Compositional zoning in meteorites is most common in metal grains with cores
exhibiting Ni and Co abundance that gradually decline towards the grain boundary. I found
evidence of metal grain zoning in HaH 237 and Isheyevo. A previous study of metal grains in
chondrites NWA 470 (CH), HaH 237 (CBb), and QUE 944111 (CB) recorded a range of Ni-zoning
patterns (Petaev et al., 2007). Zoned grains were identified by NiKα X-ray mapping and metal
grain microprobe core and rim analyses. Three metal grain chemical profile examples are shown
in Figure 3.18 which were traversed with a 5 µm step.
Figure 3.18: HaH 237 zoning profiles from Petaev et al. (2007) of Co (red), Cr (green), Ni (blue), Cr2O3 (pink
crosses) and FeO (black crosses). Left: HaH 237 Grain M3. Co and Ni share convex-shaped intensity profiles;
the most common zoning profile observed in meteoritic metals. It is usually accompanied by a concave Cr
profile as shown here. Centre: HaH 237 Grain 4. The second most abundant zoning profile shows Ni exhibiting
a triangular-peak-shaped pattern. Right: HaH 237 Grain 8. FeO in silicates is strongly zoned as a result of
interaction with the host metal.
The most common Ni-zoning pattern is convex-shaped and is generally associated with a con-
cave Cr profile. This is consistent with condensation models and was observed across metal
grains in HaH 237 in this study. The Ni-zoned profiles observed by Petaev et al. (2007) are
across a much wider grain size (∼400 µm) than those measured in this work (< 80 µm), result-
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ing in better defined profiles. Other Ni-zoning patterns include triangular-peaked (indicative of
a complex-cooling history), jagged (convex or concave), flat-top peak, unusual concave (v- or
trough-shaped), linear (fragment of a triangular-peak) or discontinuity profiles (Petaev et al.,
2007).
Strong compositional zoning as observed in HaH 237 is direct evidence of a volatility-based neb-
ular condensation and/or evaporation origin (Meibom et al., 1999), and Ni, Co and Cr profiles
agree with condensation models. Zoned metal grains condensed at high temperatures within
the range of 1087◦C–980◦C with pressures of 10−4 bar estimated. These grains cooled rapidly
to below 230◦C preserving martensite and preventing the formation of the Widmansta¨tten pat-
tern. Unzoned grains typically formed at lower temperatures (∼980◦C), were cooled more slowly
allowing the incorporation of S, and underwent minimal low-temperature metamorphism with
little (if any) reduction (Goldstein et al., 2007).
Metal grain formation involved a range of temperatures, some equivalent to those at which
zoned metal grains condensed. The diﬀerentiating parameter of zoned and unzoned grains is
the cooling rate. Unzoned grains have experienced slow cooling allowing suﬃcient time for the
grain’s chemical composition to homogenise. Zoned grains cool faster and freeze zonation pat-
terns across metal grains. The kinetic theory of gases predicts that it would take several weeks
to grow a ∼200 µm metal grain (Meibom et al., 2000a), (Campbell et al., 2001), (Petaev et al.,
2003). The latter study found that zoned metal in CH chondrites most likely has a thermal
past where the cooling rate increases with decreasing temperature. Diﬀusion was also incor-
porated into this model and found to have a significant eﬀect on the elements analysed (Cr,
Co, Ni), as well as contributing to the zoning profiles (Campbell et al., 2001). Since refractory
siderophile elements are associated with the fractional condensation process, studies into the
eﬀects of diﬀusion on these elements may explain conditions of CH and CB metal formation. It
is likely that both diﬀusion and condensation played a role in the formation of zoned metal grains.
Models of metal grain condensation from a gas of solar composition (highly siderophile) predict
a positive correlation between Co and Ni. A plot of Ni/Co reveals a positive slope near to that
of the solar Ni/Co ratio, (Meibom et al., 1999), (Petaev et al., 2001), (Weisberg et al., 1988),
(Weisberg et al., 2001) and is often used as evidence for the metal condensation theory (Schoen-
beck et al., 2005). However this correlation can be replicated during chondrule formation as a
result of the equilibration of metal and silicate over a range of temperatures or oxygen fugacities
(Lemelle et al., 2001), (Campbell et al., 2001).
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Further evidence in support of metal in HaH 237 as a product of condensation is the H content of
CBb meteorites. Metals absorb H and any defects in a metallic microstructure cause entrapment
of H atoms. It is very diﬃcult for H to escape these sites. Metal grains can be measured for
their H content and compared to values modelled for the solar nebula to investigate the validity
of a nebular origin. Nebular metal grains are exposed to abundant H2 gas, since this is the
main constituent of nebulae, which was found to be the case for metal-rich chondrite HaH 237,
(Lauretta et al., 2005).
Zonation was observed in metal Grain 1 of Isheyevo in this study. Ivanova and Kononkova (2009)
discuss five types of metal grains in the Isheyevo chondrite: 1: Unzoned, 2: Unzoned with Ni and
Co enrichments, 3: Ni-poor unzoned with Cr-rich troilite, 4: Zoned in Ni, Co (decreasing towards
edge) and Cr (increasing towards edge) and 5: Unzoned FeNi enriched in Si, Cr and P. Ivanova
and Kononkova (2009) report on one grain from type 5 which best fits the chemical profile of
Isheyevo Grain 1 observed in my analyses. Grain 1 exhibits an increase in Cr and a decrease in P
and Si towards the grain edge. This type of grain zonation is associated with Cr-rich inclusions
which were not found in Grain 1. The behaviour of Fe steadily increasing across Grain 1 and
Grain 2 combined with P decreasing across the grain boundaries suggests condensation was not
involved in their formation. Si, Mg and S average a steady abundance indicative of their late
incorporation into the grain, while Ca slightly increases across both grains.
3.6.2 Evidence of an Impact - Shock Stage and Melting
Trace element distributions of metals in CH and CBb chondrites provide evidence for the for-
mation of metal by the condensation of a gas comparable to that of the solar nebula. However,
non-nebular possibilities exist which cannot be disregarded. The strongest contender is that of
an impact plume with a siderophile element density and H2 partial pressure resembling that of
the solar nebula (Lauretta et al., 2005). This hypothesis has more weight when applied to CBa
chondrites which have textures consisting of liquid metal droplets and trace element composi-
tions contradictory to those expected from nebular condensation.
BSE mapping of whole samples of Bencubbin and HaH 237 reveal an overall alignment or flat-
tening of metal grains with strong deformation of several individual grains. This morphology is
likely due to a shock event. Such events have the potential to produce an impact plume from
which metal grains can initially condense. Evidence of flattening is most likely a result of a
subsequent impact.
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My work, consistent with previous observations Meibom et al. (2005), has shown that among the
metal and silicate grains in HaH 237 is a conglomeration of immiscible metal and silicate melt.
The silicate material in Bencubbin found between metal clasts and silicate fragments is a likely a
result of impact melting and the texture has been described as “spontaneous fusion” (Ramdohr,
1973). This interstitial material composed of an FeNi-metal/sulphide-ferrous silicate shock melt
is found to weld large FeNi and silicate grains together. Similar features have been observed in
CBb QUE 94411 and CBa Weatherford (Weisberg et al., 2001). Meibom et al. (2000b) observed
Fe-rich silicates in impact areas in QUE 9411 and suggested that these regions are the remains
of Fe-rich chondrite matrix material that was once present in CB chondrites. Material was pref-
erentially melted during impact heating. Previous TEM observations of Fe,Ni metal droplets
embedded in melts has shown that many of these droplets are separated by planar dislocations
and consist of twisted, polysynthetically-twinned plates (Meibom et al., 2005). This texture is
martensitic and is a product of rapid-cooling of Fe below the critical transformation temperature
(Tc ∼910◦C) to convert from taenite (fcc) to kamacite (bcc).
Shock reverberation is important in polyphone granular materials. The eﬀect of shock waves
on chondritic material depends on the sample’s mineralogy, density, crystallinity, porosity, dis-
continuity abundance and shock pressure. A shock front passing through a material is modified
dependent on the internal material strength and phase transitions resulting in a heterogeneously
damaged sample (Bischoﬀ and Stoﬄer, 1992; Stoﬄer et al., 1991). Shock impedance is defined as
the product of shock wave velocity and mineral density. Diﬀerences in impedance throughout a
chondritic material lead to local diﬀerences in shock pressure and velocity which results in strong
shear movements between diﬀerent material grains (Bischoﬀ and Stoﬄer, 1992). The absence of
large particles of olivine and pyroxene in HaH 237 and Bencubbin prevents the standard shock
classification scheme from being applied.
Shock impedance variation is abundant in these samples due to the combination of dense FeNi
metal grains and porous matrix material which was in place between large FeNi grains and sil-
icates prior to the shock event. Localised melting occurs as a result of the diﬀering responses
of metal and matrix to a passing shock wave. High-density metals experience high shock pres-
sures leading to deformation, while low-density matrix material absorbs shock waves more easily
thereby increasing the particle velocity and allowing matrix material to receive more heat and
experience locally higher post shock temperatures (Meibom et al., 2005). Hydrous CB matrix
material has a low-melting point and consequently melting occurs at low shock pressures which
may not eﬀect olivine crystals. Porosity is very important in the degree of shock melting. There-
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fore low shock (S2–S3) at a pressure of ∼5–20 GPa is likely to have caused the observed FeNi-
metal silicate shock melt in Bencubbin and HaH 237 (Meibom et al., 2005). Shock-produced
diamonds found in Bencubbin requiring a pressure of 20 GPa to form supports this pressure
range (Mostefaoui et al., 2002).
In Acfer 209 I observed parallel lines crossing metal grains. These lines may be Neumann lines;
fine striations found on polished surfaces of some iron meteorites. Acfer 209’s lines appear
thicker but run parallel like Neumann bands. They reflect deformational twinning parallel to
trapezohedral (211) planes in kamacite (Dodd, 1981). These bands are usually found in large
kamacite crystals mainly in the hexahedrite group of iron meteorites, but can be found in other
iron meteorites too and are evidence of shock metamorphism.
Neumann lines are reminiscent of the Widmansta¨tten pattern observed in some iron meteorites.
The Widmansta¨tten pattern is composed of interweaving lines of Fe and Ni crystals. Metal
grains are metastable and susceptible to a Widmansta¨tten pattern upon prolonged heating since
Ni concentrations fall in the two phase (α + γ) field of the FeNi binary phase diagram, i.e. when
the Ni content is between that of kamacite and taenite. Molten metal cools slowly allowing Ni
to separate into bands. Fe-Ni crystals grow up to several centimetres in length but the pattern
only becomes visible when a meteorite sample section is cut, polished and acid etched (taenite
has a resistance to acid). However Widmansta¨tten patterns are most common in octahedrite
iron meteorites and would be unusual in a primitive sample like Acfer 209. The size of the bands
can be used as a means of determining cooling conditions. If the cooling time was slow (e.g. the
meteorite was located deep in a large asteroid and kept warm by an over layer of rock), then
thicker bands of kamacite and taenite could form yielding a coarse Widmansta¨tten pattern. The
pattern observed on the metal grains of Acfer 209 is much finer and would have cooled relatively
fast to produce the thin strands observed. Most important the grains observed did not have the
chemical diﬀerences that indicate Widmansta¨tten, therefore, these must be Neumann bands.
3.6.3 Localised Heating of Metastable FeNi grains
Ni concentrations in HaH 237 metal grains range from ∼5–25 wt%. FeNi metal grains with Ni
above ∼8 wt% are metastable below temperatures of ∼700–650◦C placing them into the two
phase α + γ field of the FeNi binary diagram. Grains in this phase heated to above ∼300◦C for
prolonged periods are susceptible to a Widmansta¨tten-like exsolution of kamacite (α) (Zhang
et al., 1993). Rare decomposed metastable FeNi metal grains have been noted previously in HaH
237 (Meibom et al., 2005) and one was observed (Grain 4) in this study. Consequently, Grain 4
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was significantly heated above ∼300◦C allowing the material in the α + γ phase to decompose
into kamacite (α) and taenite (γ). The coexistence of metastable FeNi metal grains adjacent to
shock melt indicates annealing due to shock melt.
3.6.4 The Eﬀect of P and the Fe-Ni-P Phase Diagram
The decomposed metastable FeNi metal Grain 4 in HaH 237 exhibits an unusual absence of P
in contrast to adjacent FeNi metal grains. P is very soluble in the liquid phase and at high
temperatures fcc γ-taenite can accommodate ∼1 wt% P. The nucleation temperature, reaction
process and diﬀusion rate of Ni are greatly influenced by the abundance of P in FeNi metal,
which has consequences for the development of the Widmansta¨tten pattern in iron meteorites.
P abundance also aﬀects the partition coeﬃcient which is used as a measure of element parti-
tioning between solid and liquid metal (Willis and Goldstein, 1982).
Grain 4 in HaH 237 has an average of 7.27 wt% Ni with spectrum 8 exhibiting an 8.85 wt% Ni
abundance. I will discuss the behaviour of P in Grain 4 with reference to the 8.5 wt% iso-Ni
concentration section from the Fe-Ni-P phase diagram shown in Figure 3.19(a) from Doan and
Goldstein (1970). In this ternary phase diagram section α represents kamacite, γ represents
taenite and Ph represents schreibersite with a chemical formula of (FeNi)3P. Three dashed lines
labelled a, b and c vertically traverse the temperature scale and represent alloys with diﬀering
P contents. They follow possible paths in the development of the Widmansta¨tten pattern as
the meteorite cools from the all-taenite field at high temperatures. Alloy a has the highest P
content and begins in the γ-taenite field and passes through the γ + Ph field before α-kamacite
nucleates in the α + γ + Ph field. Alloy b follows the path γ → (α + γ) → α +γ + Ph and
alloy c follows the path γ → α2 + γ → α + γ. Brackets in the alloy b field of (α + γ) indicate
that the alloy passes through the field but kamacite nucleation does not occur. Grain 4, with
a low P content most closely follows the path of alloy a. The lack of a Widmansta¨tten pattern
indicates that there was no prolonged heating, and cooling was suﬃciently fast to prevent Ni
separating into bands.
In the surrounding metal grains (Grain 1, 2, 3, 5 and 6 of HaH 237) kamacite is the only
observed phase. It has been experimentally shown that kamacite nucleates heterogeneously at
γ/γ boundaries and does not nucleate homogeneously from P-free taenite during continuous
cooling (Reisener and Goldstein, 2003a). Thus parent taenite grains are consumed by kamacite
grain boundary precipitates as shown in Figure 3.19(b). Taenite in Grain 4 of HaH 237 exhibited
evidence of zoning and is likely subject to this process.
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Figure 3.19: (a) Iso-Ni concentration section of the Fe-Ni-P phase diagram. Ph = schreibersite (FeNi)3P, Ms =
martensite start temperature, dashed lines a, b and c represent alloys with varying abundances of P en route to
the formation of the Widmansta¨tten pattern where a = γ → γ + Ph → α + γ + Ph, b = γ → (α + γ) → α +γ
+ Ph, c = γ → α2 + γ → α + γ (J. and Goldstein, 2005). 3 phase corner refers to the γ corner of the α + γ +
Ph field. Open circles indicate data points from Doan and Goldstein (1970). (b) The evolution of polycrystalline
taenite (left) and monocrystalline taenite (right) during cooling from Reisener and Goldstein (2003b).
Chemical profiles of a metal grain in Isheyevo illustrate the abundance of P significantly decreases
towards the grain boundary. Surface contaminants Pt and Au display similar profiles as analyses
are collected away from the TEM extraction point, but have a higher slope-gradient than P.
3.6.5 Metal-Silicate Equilibration and the Distribution of Silicon
Metal in CR chondrites is found in the matrix, in chondrules or on chondrule rims and their
formation occurred at diﬀerent times (Weisberg et al., 1993; Kallemeyn et al., 1994; Krot et al.,
2002b). Electron probe analysis of Acfer 209 by Schoenbeck and Palme (2004) determined an
average wt% in chondrules and matrix metal from 400 analyses of 92.65 wt% Fe, 6.99 wt% Ni,
2830 ppm Co, 3140 ppm Cr, 3240 ppm P and 450 ppm Si. My SEM-EDS found similar values
with an average weight percentage in large matrix metal grains of 91.9 wt% Fe and 6.79 wt% Ni.
Chondrule metal had an average of 92.34 wt% Fe and 5.12 wt% Ni. Cr, Co and P measurements
were below SEM detection limits. Previous work on the distribution of Si between kamacite and
taenite describes the incorporation of significant amounts of solid solution Si into metallic phases,
as observed in HaH 237 (Casanova, 1991). In enstatite chondrites, Casanova (1991) found Si
concentrations were homogeneous in kamacite grains but displayed a profile across taenite and
tetrataenite grains. They propose that Si’s distribution between kamacite and taenite grains
is controlled by either Ni content or crystal structure. The possibility of structure control is
cautioned since results indicate that Si has a greater aﬃnity to taenite, which contradicts the
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sub-solidus phase equilibrium diagram for the Fe-Si binary system. However, I found that HaH
237 Si is observed surrounding kamacite inclusions in the melt region between Grain 3 and Grain
4, and filling vein pockets between larger kamacite grains. There is no trace of Si near the high-
Ni taenite inclusions found in Grain 3. The black ∼50 µm smooth rounded silica inclusions in
HaH 237 in Figure 3.7 are similar to those found in the CR type Renazzo meteorite (Campbell
et al., 2005). In Renazzo, silica droplets speckle the surface of metal grains in chondrules
(predominantly in the most reduced chondrules) and also in large isolated metal grains in the
matrix. The examples from Renazzo are µm-sized but inclusions can reach tens of µm, such as
those observed in HaH 237 in this study. The spherical silica glass droplets exsolved from the
metallic melt at high temperatures (< 980 ◦C) when the chondrule was undergoing cooling.
3.6.6 Weathering of FeNi Metal
The presence of Cl in HaH 237 is probably a result of weathering damage to the sample surface
and is most likely to be associated with ferric FeCl2 or ferrous FeCl3 chloride. NiCl2 and NiCl3
may be present in smaller amounts. Ferric and ferrous chloride are hydroscopic substances. Cl
can bond to other Fe atoms when exposed to water causing further O bonding and the production
of iron oxide. Analyses on rust in lunar rocks showed evidence for a mineral called akaganeite
(FeO(OH,Cl) containing 1–6 wt % Cl (Taylor et al., 1974). Taylor et al. (1981) later suggested
that rust in meteorites was formed by the oxyhydration of the FeCl2 phase. FeCl2 was thought to
have originated by the reaction of native FeNi, kamacite/taenite, with a Cl-bearing vapor phase
producing a new mineral called lawrencite ((FeNi)Cl2). This theory supplied potential evidence
for the presence of a volatile component during the rock’s petrogenesis. However Lawrencite is
a product of weathering eﬀects on earth, i.e. reactions between groundwater and salts, and is
essentially a result of the terrestrial alteration of meteoritic metal.
3.7 Conclusion
Close-packed and adjacent metal grains in Bencubbin are evenly distributed with Fe, Ni and Co.
In contrast, close-packed grains in HaH 237 displayed the same chemical elements, but diﬀered
in relative abundances. Isolated S inclusions were observed in both the Bencubbin and HaH
237 region of close-packed grains. These inclusions had similar width ranges of ∼0.8–13 µm in
Bencubbin and ∼3–15 µm in HaH 237.
Evidence for nebular condensation was found in the zoning profiles of HaH 237 metal grains.
Convex-shaped patterns with Ni and Co increasing from grain rim to core and Cr decreasing
from rim to core are consistent with nebular condensation models. Zoned grains condensed at
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temperatures within the range of 1087–980◦C with pressures of 10−4 bar before cooling rapidly
to below 230◦C. Unzoned grains formed at lower temperatures (∼980◦C) and cooled more slowly
allowing the incorporation of S. Isheyevo displayed a zoning profile of Fe, and Bencubbin and
Acfer 209 displayed no zoning profiles indicating the possibility of a diﬀerent process involved in
FeNi metal formation.
A metastable FeNi metal grain was observed in HaH 237 which resides in the α + γ field of
the FeNi binary diagram. These grains are susceptible to decomposition at 300◦C. A single
decomposed grain was observed in HaH 237 displaying a mixture of kamacite, troilite and taen-
ite inclusions. This grain exhibits a significant absence of P in contrast to neighbouring FeNi
grains indicating that P is a late addition to metastable FeNi metal grains. The nucleation
temperature, reaction process and diﬀusion rate of Ni are significantly influenced by P. Low P
grains are predicted to follow the cooling path of a = γ → γ + Ph → α + γ + Ph. The lack
of a Widmansta¨tten pattern indicates that there was no prolonged heating, and cooling was
suﬃciently fast to prevent Ni separating into bands.
Zoned FeNi metal grains likely condensed from a large impact plume. A subsequent shock event
post-accretion resulted in impact metamorphic textures. FeNi-metal/silicate shock melt features
were observed in Bencubbin and HaH 237 in the form of interstitial material welding together
large FeNi metals and silicates. Due to the variance of shock impedance between high-density Fe
and low-density porous matrix material, meteoritic features respond diﬀerently to shock waves.
Metal grains are deformed and elongated while matrix material is easily melted. A shock stage
of S2–S3 is estimated with a shock pressure of ∼5–20 GPa. Bencubbin and HaH 237 have a
preferred orientation and display internal evidence of deformation which are likely to be the
result of an impact event causing mass melting of grains. The existence of metastable grains
neighbouring shock melts indicates annealing by shock melt.
Many metal grains appear similar but it is diﬀerences in minor abundances that separates them
from one other. These diﬀerences are often undetected due to limitations in the resolution of
analytical instruments. Chemical analyses are useful for gaining an overall view of the composi-
tion of a meteorite but it is diﬃcult to determine phases within each component. A knowledge
of crystal structure is crucial for deducing formation temperatures. Crystallographic analysis
such as TEM diﬀraction and EBSD can distinguish diﬀerent crystallographic orientations in a
single grain. I investigate the crystallography of metal grains in Isheyevo, Acfer 209, HaH 237
and Bencubbin in the next chapter.
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Chapter 4
Crystallographic Analysis of Meteoritic
Metal
4.1 Introduction
Crystallography of FeNi metal can reveal microstructural textures and provide evidence for ther-
mal processing. In this chapter I present Transmission Electron Microscopy (TEM) and Electron
Back Scatter Diﬀraction (EBSD) results of metal grains from four carbonaceous chondrites in-
cluding Isheyevo (CH/CBb), Acfer 209 (CR), HaH 237 (CBb) and Bencubbin (CBa). In the
first section crystallographic diﬀraction pattern results are presented from a TEM section of
Isheyevo. Diﬀraction data was collected from various regions of the TEM section to determine
the degree of crystallinity on a sub-µm scale and to quantify the implications for early thermal
processing. In the second crystallographic section EBSD results of Acfer 209, HaH 237 and Ben-
cubbin represent variable degrees of misorientation between grains in a material. By comparing
the results of diﬀerent meteorite types, similarities between samples are observed. A comparison
of pole figures underlines common and contrasting characteristics which fundamentally describe
the thermal history of a sample. EBSD analyses also allows the collection of the Multiple of
Uniform Density (MUD) of a crystal which is a statistical description of a fabric’s intensity.
A comparison of MUD values across the range of meteorite types highlights common fabric
strengths and determines the potential for a shared formation event. Periods of deformation
and strain can also be deduced from the degree of grain misorientation.
4.2 Crystallographic Analysis of Meteoritic Metal I: TEM
In this section I present TEM diﬀraction analysis results from an FeNi grain in the CH/CBb
chondrite Isheyevo. The electronically transparent section is from a single metal grain which
was chemically analysed and element mapped in the previous chapter. TEM chemical analysis
of Figure 4.1(a) revealed typical abundances for kamacite metal of Fe of 92 wt. %, Ni 6.2 wt.
%, Cr 0.6 wt. %, P 0.5 wt. % and Ga 0.5 wt. %. Ga is a product of sample preparation.
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A 0.5 µm grain embedded within an amorphous groundmass is shown in Figure 4.1(a). This
grain is of good crystallinity as indicated by the diﬀraction pattern (Figure 4.1(b)) and is almost
free from lattice defects. Finer crystals, areas of porosity and amorphous inclusions all contribute
to a non-ideal diﬀraction pattern (Figure 4.1(d)) of Figure 4.1(c).
(a) Large crystal. (b) Crystalline pattern. (c) TEM section (d) Fine crystals.
Figure 4.1: (a) and (c): Brightfield TEM images of a metallic Isheyevo section. (b) and (d): Crystalline
diﬀraction patterns of Isheyevo metal. Sharp points in the pattern indicate a well-developed crystalline material.
The diﬀraction pattern in (d) displays a combination of crystalline lattice points and amorphous interference.
4.3 Crystallographic Analysis of Meteoritic Metal II: EBSD
EBSD was performed on Acfer 209 (CR), HaH 237 (CBb) and Bencubbin (CBa) to generate
maps of crystal orientation and grain boundaries. Seven isolated metal grains from a polished
surface of Acfer 209 were targeted. All euler maps revealed the presence of a range of textures.
Pole figures for each map were generated allowing comparison of the relative MUD values of
each grain. Metal in CB chondrites is notably diﬀerent to CR metal and occurs in large sheaths
as opposed to isolated grains. A single region in HaH 237 was chosen and three maps across
a variety of features were generated revealing detailed microstructure, unusual grain boundary
behaviour and an interesting comparison of MUD values. Two maps from a large metallic
sheath were generated from a polished surface of Bencubbin which revealed a similar internal
microstructure to HaH 237 and well-defined crystal points on pole figures.
4.3.1 Results: Acfer 209
FeNi grains in Acfer 209 are composed of regular interlocking sub-grains typically 50 µm wide.
High-angle boundaries (> 15◦) are associated with twin planes, lattice bending and some internal
polycrystalline grains. Twin plane slip lines of ∼5–10 µm spacing are observed in most kamacite
grains (Figure 4.4 Figure 4.7, Figure 4.8, Figure 4.9, Figure 4.10). These twin planes are set
against typical internal grain boundary misorientations of 5◦ < θ < 10◦ and surrounded by
unindexed matrix material with low-angle grain boundaries of < 5◦. Lattice bending is observed
in Figure 4.4 with planes separated by ∼10 µm. Sub-grains are observed to nucleate on twin
plane grain boundaries in Figure 4.10. Acfer 209 pole figures are scattered indicating a random
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dispersion of crystallographic axes, however, they also are in curved arrays suggesting deforma-
tion with a constant principle stress direction. This is similar to the behaviour of lineations in
folding at macroscopic scales.
Acfer 209 Grain 1
(a) Acfer 209 Grain 1. (b) Contrast enhanced BSE image.
Figure 4.2: Acfer 209 BSE map and inset 150 µm EBSD map of Grain 1. A texture boundary is observedfrom
the centre of the map’s lower edge to the top right-hand corner. Strips of parallel lines emanating from this
dividing line are likely to be twinning lines.
Figure 4.3: Top left: All euler map for Acfer 209 Grain 1. Indexing is low with only 2,929 data points collected
due to a diﬃculty in surface polishing. It is composed of large regions (∼50 µm) of similarly oriented crystal
material. Top right: Contour pole figures are finely distributed with clear locations of pole preference. Bottom
left: Grain boundary map showing the misorientation angle between grains (θ) is low-angle (yellow: 5◦ < θ <
10◦). Green represents unindexed material. Bottom right: Contour pole figure map with a MUD of 36.74.
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Acfer 209 Grain 2
Figure 4.4: Context BSE image of a ∼700 µm wide metal grain marking the locations of two 350 µm all euler
maps labelled 2A and 2B.
Figure 4.5: Top left: All euler map for Acfer 209 area 2A with 11,428 data points dominated by two crystals
with tabular shapes. Black lines are a product of scratching. A region of gradual lattice bending is observed
in the lower half of the map with ∼5 µm wide twin lines. Crystal size reduces towards the edge of the parent
grain. Top right: Pole figures for area 2A show a semi-ordered distribution of crystal orientations. Bottom left:
Grain boundary map revealing a majority of low-angle (5◦ < θ < 10◦) misorientations between crystals with
a higher density of grain misorientations below the tabular crystal. Internal pockets of higher misorientations
are observed in purple (10◦ < θ < 15◦) and blue (< 15◦). High-angle misorientation regions are most often
situated along cracks in the sample surface. Areas unindexed outside the metal grain are green, representative
of low-angle boundaries (< 5◦). Bottom right: Contour pole figure with a MUD of 15.46. Contour pole figure
shows a principal stress direction.
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Figure 4.6: Top left: All euler map with 7,682 data points. Similar crystal regions interlock into a tight
close-packed structure. Top right: Corresponding pole figure. Bottom left: Grain boundary map with yellow
representing crystal orientations of 5◦ < θ < 10◦. Internal pockets of higher misorientations occur in purple (10◦
< θ < 15◦) and blue (> 15◦). Bottom right: Contour pole figure with a MUD of 17.85.
Acfer 209 Grain 3
Figure 4.7: Top left: BSE image with a 0.325 mm2 area all euler map inset consisting of 33,979 data points.
Black regions are unindexed. Regions of similar crystal misorientation cover surface areas of several hundred
square microns. Region area reduces in size towards the parent grain boundary. Top right: Corresponding pole
figure with overlapping pole points. Bottom Left: all euler map revealing a geometrical division of internal crystal
misorientations. Bottom right: Contour pole figure with a MUD of 9.82.
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Acfer 209 Grain 4
Figure 4.8: Top left: All euler map for Acfer 209 Grain 4 consisting of 2,169 data points showing an irregular
re-entrant metal grain with two ∼50 µm non-metal inclusions. Top right: Pole figure showing finely dispersed
pole points. Bottom Left: Grain boundary map where angles of 5◦ < θ < 10◦ dominate. Material surrounding
the metal grain shown in green has the lowest grain angle boundaries at < 5◦. Higher boundaries are found
interspersed along cracks inside the grain. Bottom right: Contour pole figure with a MUD of 14.57.
Acfer 209 Grain 5
Figure 4.9: Top left: All euler map with unindexed scratches in black with 9,111 data points. Thin parallel
lines intersecting scratches perpendicularly are twin planes. Boundaries between regions of similar orientation
are straight-edged. Top right: Points generally congregate around defined crystal orientations, but a lack of
indexing results in a random background distribution across the pole spheres. Bottom left: The grain boundary
map shows moderate-angle boundaries across the grain core (yellow: 5◦ < θ < 10◦), low-angle (green: < 5◦)
boundaries in the surrounding matrix and high-angle (purple > 10◦) boundaries along twin planes. Bottom right:
Contour pole figure with a MUD of 15.09.
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Acfer 209 Grain 6
Figure 4.10: Top left: Well-indexed all euler map for metal Grain 6 in Acfer 209 with 7,311 data points.
Twin boundaries ∼10 µm wide separate regions of similar texture. Internal polygonal sub-grains ∼10 µm wide
have nucleated along twin planes and divide regions of similar crystallinity, as well as rimming the entire grain.
Polycrystalline material is observed in the grain core. Top right: Great circles show a principle stress direction.
Bottom left: High-angle (purple: > 10◦) boundaries are measured along twin planes and in the central polycrys-
talline core. Moderate-angle (yellow: 5◦ < θ < 10◦) boundaries are distributed across the grain and is surrounded
by a low-angle (green: < 5◦) boundary matrix. Bottom right: Contour pole figure with a MUD of 18.64.
Acfer 209 Grain 7
Figure 4.11: Top left: All euler map of Acfer 209 Grain 7 showing two polycrystalline metal grains on the rim
of a chondrule with 719 data points. Top right: Sparsely populated pole figure. Bottom left: The upper grain
exhibits high-angle (purple: > 15◦) grain boundaries and the lower grain is composed mainly of moderate-angle
(yellow: 5◦ < θ < 10◦) boundaries. Surrounding matrix material has low-angle (< 5◦) boundaries. Bottom right:
Contour pole figure map with a MUD of 28.17.
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4.3.2 Results: HaH 237
Sub-grain size decreases from core to rim of the parent grain. Sub-grains display a polygonal
texture with 120◦ triple junctions. Parent grains are dominated by angle boundaries of 5◦ < θ <
10◦. High-angle boundaries are observed in randomly distributed polycrystalline grains.
A zoned FeNi grain displays a radial misorientation pattern with highest angles (> 60◦) on
the rim and lowest (< 20◦) at the core. FeNi metal in HaH 237 was bcc Fe indexed but some
isolated fcc Fe inclusions were observed typically ∼10–25 µm. HaH 237 pole figures are scattered
indicating a random dispersion of crystallographic axes with some preference to specific crystal
axes observed.
Figure 4.12: HaH 237 BSE image with overlaid EBSD map locations. Map 1 is located in the centre of a large
metal sheath and overlaps four silicate inclusions. Map 2 covers a zoned metal grain and lies adjacent to Map 3
which contains an FeNi metal mixture of kamacite, taenite and troilite.
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EBSD of Unzoned Kamacite in HaH 237 Map 1
Figure 4.13: Top left: All euler map of HaH 237 Map 1 composed of 79,385 data points showing preferred
elongation in a NE-SW direction. The internal structure is well-indexed composed of triple junction sub-grains
with a polygonal texture varying in size from ∼1–10 µm. The black non-indexed regions were found in SEM
chemical analysis to be silicates. Top right: Composed largely of low-angle (yellow: 5◦ < θ < 10◦) boundaries.
Non-indexed silicates exhibit grain boundaries of < 5◦ while several internal locations show randomly distributed
high-angle (purple: > 15◦) boundaries. Bottom left: Pole figure. Bottom right: Corresponding contour pole
figure with a MUD of 14.72.
EBSD of Zoned FeNi Metal in HaH 237 Map 2
Figure 4.14: Left: All euler Map 2 of HaH 237 is composed of 11,031 data points and exhibits 120◦ internal
triple junctions. This is a zoned FeNi metal grain with polygonal sub-grains of ∼4 µm diameter typically showing
120◦ triple junctions. This contrasts unzoned metal grains (Map 1) whose internal substructures display the same
deformation and preferred orientation as their host. The smallest sub-grains are observed to be on the rim of
the parent grain. Top right: Pole points are widely distributed but show a tendency towards particular crystal
averages. Bottom right: Contour pole figure with a MUD of 4.16.
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(a) Grain Boundary Map. (b) Texture Component Map.
Figure 4.15: (a) Green indicates crystal misorientations of < 20◦, yellow 20◦ < θ < 40◦, blue 40◦ < θ < 60◦,
and purple > 60◦. (b) The texture component map in Figure 4.15(b) shows a band contrast map superimposed
with three texture component layers. Each layer corresponds to maximum grain boundary angle deviations of
≤ 20◦ (red), ≤ 40◦ (blue) and ≤ 60◦ (green). The grain’s misorientations display an approximate radial pattern
with angles between sub-grains increasing from rim to core.
EBSD of FeNi Metal HaH 237 Map 3
Figure 4.16: Top left: All euler map for HaH 237 Map 3 composed of 4,040 data points. Previous chemical
analyses have shown that this section of the sample contains areas of kamacite (α-Fe, 4–7 wt% Ni), taenite
(γ-Fe, 20–50 wt% Ni) and troilite (FeS) and was consequently EBSD indexed for these phases. Troilite located
between kamacite grains was poorly indexed. Sub-grain size decreases towards the edge of the parent grain. Top
right: Corresponding pole figure reflects a random distribution of crystal planes due to multiphase composition.
Bottom left: High-angle (> 60◦) boundaries tend to lie on the edges of sub-grains while sub-grain cores have low
to moderate misorientation boundaries (green: < 20◦; yellow: 20◦ < θ < 40◦; blue: 40◦ < θ < 60◦). Bottom
right: Contour pole figure for Map 3 with a MUD of 6.16.
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EBSD of HaH 237 Map 4
Figure 4.17: Left: All euler map with 28,011 data points of a metal grain in HaH 237 showing equant internal
2–5 µm sub-grains. Sub-grains reduce in size towards the rim of the parent grain. Top right: All euler pole figure
map showing great circles with principle stress direction. Bottom right: Contour pole figure with a MUD of 4.88.
Phases in HaH 237 of Maps 5 and 6
Bcc Fe dominates metal grains in HaH 237 as shown in Figure 4.18 and Figure 4.19. Fcc Fe is
observed in small inclusions ranging in size from ∼10–25 µm. MUD values are higher for bcc
pole figure plots due to the higher abundance of data points collected.
Figure 4.18: Left: Phase map of a metal region in HaH 237 where red represents bcc Fe (with 20,111 data
points) and blue represents fcc Fe metal (1,977 data points). The majority of the map is composed of bcc Fe
observed in large close-packed interlocking metal grains ∼75-100 µm wide. Grains are separated by ∼20 µm of
unindexed material. Fcc Fe is observed in small ∼10 µm inclusions adjacent to the bcc region. Top right: Bcc
Fe has a MUD value of 2.63. Bottom right: Pole figure for fcc Fe has a MUD value of 12.99.
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Figure 4.19: Left: Phase map where the majority of the region is bcc Fe (93,606 data points) with three ∼25
µm inclusions of fcc Fe. These inclusions are ∼25 µm in diameter, smooth and rounded. Top right: Pole figure
for bcc Fe with a MUD value of 11.56. Bottom right: Fcc pole figure is sparsely populated.
4.3.3 Results: Bencubbin
Sub-grains in Bencubbin are close-packed and ∼10–30 µm in size displaying elongation across
the parent grain. Some sub-grains are polycrystalline and randomly distributed. Bencubbin
pole figures are scattered indicating a random dispersion of crystallographic axes and a lack of
a principle stress direction (Figure 4.20 and Figure 4.21).
Figure 4.20: Left: All euler and band contrast map of a polycrystalline metal grain in Bencubbin Area 1.
Scratches are observed as straight black lines and are a result of sample polishing. Metal grains are close-packed
with well-defined grain boundaries. There is clear elongation in these grains. Right: No great circles are observed
in the pole figure indicating a lack of principle stress direction. No single crystal orientation describes the region.
Contour pole figure has a MUD of 11.27.
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Figure 4.21: Top left: All euler map of Bencubbin Grain Area 2 showing significant scratching from polishing.
The all euler and band contrast map reveals interlocking sub-grains with well-defined boundaries. Two of the
sub-grains are polycrystalline. Top right: The pole figure reveals the distinct crystalline nature of the grains with
no visible great circles. Bottom left: Band contrast map of Area 2 highlighting polishing streaks and surface
defects. Bottom right: Contour pole figure with a MUD of 7.35.
4.4 Discussion
4.4.1 Crystallographic Variability of Meteoritic Metal
TEM and EBSD results of metal in Isheyevo, Acfer 209, HaH 237 and Bencubbin show that
grains have variable crystallographies. MUD values and contoured pole figures vary both within
a rock type and between meteorite groups. Preservation of crystal patterns within individual
metal grains suggest that within a single meteorite type there has been minimal reheating. As-
suming this is the case, such patterns indicate minimal asteroidal processing post-accretion.
Table 6.2 compares the Multiple of Uniform Density (MUD) values of Acfer 209, HaH 237 and
Bencubbin. MUD values are a statistical description of the intensity of a fabric. A minimum of
∼100–150 grain measurements (data points) are necessary to obtain a reasonable fabric repre-
sentative (Isma¨ıl and Mainprice, 1998). This is because the fabric intensity is dependent on the
sample size, i.e. if the dataset is too small it is possible to see an apparent increase in fabric
intensity since patterns will be dominated by a single crystal orientation.
CR chondrite Acfer 209 has an average MUD value of 19.54 (ranging from 9.82–36.74) which is
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significantly higher than MUD value averages for CBb HaH 237 (8.35 with a range of 4.16–14.72)
and CBa Bencubbin (9.31 with a range of 7.35–11.27). Acfer 209’s large range in MUD values
indicate that there is no crystallographic consistency between similar grains found in the ma-
trix. Metal fragments found inside and on the rims of chondrules tend to have a homogeneous
distribution of crystal orientations. In contrast, matrix metal has greater misorientations across
surfaces. Chondrule metal grains in Acfer 209 are believed to have experienced metal-silicate
equilibration which occurred during chondrule formation and results in an extremely variable sil-
icon content (Schoenbeck et al., 2005). HaH 237 has lower MUD values for smaller close-packed
grains than for it’s larger metal.
MUD values cannot convincingly be used as a parameter to distinguish metal locations within
a single meteorite, however, metals of meteorite group types have significantly diﬀerent charac-
teristic MUD value averages. Although MUD values of diﬀerent meteorite types overlap in this
study, it is possible that with an increased data set these values could provide insight into the
potential family classification of a meteorite.
Meteorite Grain Location Data Points MUD
Acfer 209 1 Large Isolated Metal 2,929 36.74
(CR) 2A Large Isolated Metal 11,428 15.46
2B Large Isolated Metal 7,682 17.85
3 Large Isolated Metal 33,979 9.82
4 Large Isolated Metal 2,169 14.57
5 Large Isolated Metal 9,111 15.09
6 Large Isolated Metal 7,311 18.64
7 Chondrule Rim Metal 719 28.17
Average: 19.54
HaH 237 1 Large Metal 79,385 14.72
(CBb) 2 Small Close-Packed Metal 11,031 4.16
3 Small Close-Packed Metal 4,040 6.16
Average: 8.35
Bencubbin 1 Large Metal 11.27
(CBa) 2 Large Metal 7.35
Average: 9.31
Table 4.1: Multiple of Uniform Density (MUD) value and location of grains in chondrites Acfer 209, HaH 237
and Bencubbin. CR chondrite Acfer 209 has a significantly higher MUD value average (19.54) than CBb HaH
237 (8.35) and CBa Bencubbin (9.31).
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The same variability within a single meteorite type is observed in TEM analyses of Isheyevo.
Isheyevo is a carbonaceous chondrite with dual metal-rich and metal-poor lithologies with re-
spective aﬃnities to the CH and CBb chondrite. Ivanova and Kononkova (2009) identified five
types of metal grain in Isheyevo with varying abundances of chemical elements, broadly divided
into zoned and unzoned metal grains. These grain types included unzoned with 4.2–14.3 wt% Ni,
unzoned and Ni-enriched (> 30 wt%), unzoned and Ni-poor, zoned with Ni and Co decreasing
and Cr increasing towards the edges of the grain, and unzoned with a silicon enrichment. Point
chemical analysis from the TEM section in this study, taken from Isheyevo’s metal-rich lithol-
ogy, reveals Ni abundance averages at 6.3 wt%, placing it in the first type of metal grain. This
chemical composition is evidence for the kamacite phase and it’s formation can be compared to
similar phases found in Acfer 209, HaH 237 and Bencubbin.
Although diﬀraction patterns are collected from a single FeNi grain in Isheyevo over a maximum
range of 10 µm (the length of the TEM section), two diﬀerent patterns were collected with
varying lattice widths indicating the presence of diﬀerent Fe phases. EBSD phase maps of HaH
237 revealed that although bcc Fe dominates FeNi metal grains, fcc Fe inclusions either adjacent
to or embedded within bcc Fe structures are common. The FeNi phase diagram illustrates that
during cooling from 900◦C into the α + γ field from a pure γ phase, α crystals nucleate and
grow at the expense of γ crystals (taenite) by solid-state diﬀusion of Ni. Taenite in HaH 237 is
observed to be polycrystalline with a MUD value of 12.99 indicating a moderately strong fabric.
Polycrystalline taenite indicates that initial Ni gradients had been established early in the fcc
γ field and that metal was inhomogeneous due to crystal-liquid fractionation. Polycrystalline
taenite can be interpreted as a relict solidification structure (Hutchison et al., 1980). The sur-
vival of polycrystalline taenite is indicative of rapid cooling to ∼900◦C after which there was
no prolonged reheating at higher temperatures. Metamorphism is not responsible for textural
features.
Such a variability of crystal structures within samples is evidence of a mechanical mixture of
metal forming at diﬀerent redox conditions or in diﬀerent environments in the nebula. However,
a gradual decrease in region size of similar crystal orientation towards the edge of parent metal
grains in Acfer 209 and HaH 237 was observed. Large swathes of single crystal orientation occupy
the central bulk of metal grains while smaller patches nucleate on the rims. This indicates the
recrystallisation of metal grain edges which suggests heating. There is also evidence for annealing
and flattening which occurred post-nebula. To understand this further I will discuss the processes
involved in forming twin planes in Acfer 209 and HaH 237, and explain how a metal grain in
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HaH 237 (Map 2) can exhibit an undeformed internal structure despite belonging to a host grain
which exhibits an overall preferred orientation.
4.4.2 Sub-grain Rotation Recrystallisation of FeNi Zoned Grain in HaH 237 Map 2
Map 2 in HaH 237 shows a zoned FeNi metal grain with equant internal sub-grains set in a
preferentially oriented parent grain. It is located adjacent to other FeNi grains whose internal
substructure reflects parent elongation. EBSD maps of the grain reveal a low MUD value of
4.16, i.e. there is no single crystal structure associated with this grain as the overall fabric has
been greatly altered. Adjacent grains with the same geometrical elongation as their parent grain
have a higher MUD value of 14.72. This suggests metal grains adjacent to that observed in Map
2 were not subject to the secondary straining event which generated high-angle misorientations
between sub-grains in Map 2, and therefore indicates these grains did not form together, despite
being separated in the sample by only ∼200 µm.
Leroux and Perron (2001) report on a similar zoned grain to HaH 237 Map 2 with polycrystalline
grain borders and internal sub-grains typically ∼5 µm in size. They suggest the polycrystalline
border is a result of recrystallisation due to annealing after a shock event of short enough du-
ration to not eﬀect the central part of the grain, which we find here has lower misorientation
boundaries. Leroux and Perron (2001) notes their zoned grain consists of decomposed marten-
site. However their conclusions do not allow for the presence of neighbouring grains with diﬀerent
crystal orientations. Map 2 in HaH 237 is an example of a zoned and plastically deformed metal
grain. It has undeformed internal grains which developed quite possibly due to sub-grain rotation
recrystallisation. The process is caused by a diﬀerence in internal energy between strained and
unstrained grains. Plastic deformation and lattice bending in HaH 237 resulted in the elongation
of grains in Map 2 in the direction of shear strain. The energy imparted from the deformation
was stored by the metal in the form of new dislocations. Consequently, the dislocation density
and internal energy of the sample was increased.
Continued strain and deformation increased the temperature of the metal, and some of the
stored energy was released in the recovery process. The higher temperature allowed movement
of dislocations via diﬀusion. Dislocations either totally disappeared or assumed lower energy
configurations in the form of sub-grain walls (observed as low-angle boundaries). The meteoritic
metal continued to heat and recrystallisation occurred. New, dislocation-free equant grains grew
replacing the old deformed grains. The formation of similar-sized cells surrounded by low-angle
boundaries is characteristic of sub-grain rotation recrystallisation (Bestmann and Prior, 2003).
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Recrystallisation results in internal grains which no longer reflect the host grain’s geometry.
Further strain by sub-grain rotation produced a continuous increase in misorientations as dis-
locations were steadily input into existing sub-grain walls. Consequently, the nature of the
boundary of sub-grains evolved into high-angle boundaries. This process is illustrated in Figure
4.22 from Bestmann and Prior (2003).
Figure 4.22: Development of new grains with increasing strain from (Bestmann and Prior, 2003). Map 2 in
HaH 237 formed by the following steps: (a) lattice bending occurred around a rotation axis, (b) dislocations
were recovered into sub-grain walls during deformation, (c) sub-grain rotation and (d) dislocations filled into
existing sub-grain walls and changed the nature of the boundary. Continued strain incurred diﬀusion allowing
grain boundary sliding of newly developed grains, resulting in a loss of the sub-grain’s geometrical relationship
to the host grain.
EBSD Map 3 and 4 of HaH 237 do not display internal equant sub-grains and show no evidence
for dynamic recrystallisation. Thus this process is either a very localised parent body process
(and some shock processes are extremely localised e.g. mylonites in terrestrial rocks) or this
process predates accretion.
4.4.3 Formation of Twin Planes in Meteoritic Metal
Twinning is a reflection of atomic structure around a twin plane and can form during crystalli-
sation in minerals and propagate during crystal growth (e.g. plagioclase). In other feldspars,
twinning occurs during cooling in the solid state with more twins forming. However, twins can
also form by shock, deformation and due to phase transitions (e.g. a martensitic transforma-
tion). Twinning allows materials to accommodate strain and is partially responsible for shock
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hardening. EBSD results show evidence for twinning in Acfer 209 and HaH 237 metal grains.
The slight and gradual change in misorientation boundary angle across HaH 237 Grain 2 is
suggestive that this feature is a product of twinning, which is not surprising given the extent to
which this grain has been subjected to strain.
EBSD results of Acfer 209 Grain 2A reveals a set of parallel arcs resembling Neumann bands
(fine patterns in cross-sections of many hexahedrite iron meteorites indicating the shock-induced
deformation of a kamacite crystal) running in a NE-SW direction in the lower section of the all
euler map. These are fine striations reflecting deformational twinning parallel to trapezohedral
planes in kamacite and are evidence of shock metamorphism (Dodd, 1981). Usually twinning
lines are straight, but here they exhibit a slight curvature indicating post-formation plastic
deformation and strain (Lemelle et al., 2001). Regions of similar crystal misorientation run
independent of these lines. The region of gradual lattice bending occurs with lines ∼5 µm wide
and ∼15 µm apart, with diﬀerent crystal orientation to the host metal. Figure 4.23 shows a
schematic diagram adapted from Bestmann and Prior (2003) illustrating the occurrence of lattice
bending during strain.
Figure 4.23: Schematic model of the formation of lattice lines exhibiting a slight curvature in Acfer 209 Grain
2A. (a) There is one dominant twin system which has been produced by a non-coaxial deformation. (b) Localised
strain bends lattice lines and creates low-angle boundaries. Adapted from (Bestmann and Prior, 2003).
Similar features are noted in the BSE image of Acfer 209 Grain 1, but did not index in EBSD
results. In Acfer 209 Grain 1 crystal boundaries are separated by diverging sets of parallel twin
lines ∼2 µm wide and ∼10 µm apart which may have occurred when pressure or heat was exerted
causing the formation to compress and form a linear pattern. A pressure-formed twinning pat-
tern would have greater space between the sequential lines than a heat-formed twinning pattern.
Twinning was also identified in Grain 6 of Acfer 209 with twin boundaries ∼10 µm wide. These
boundaries display a unique crystal orientation dissimilar to host material. Twin lines are spaced
further apart (∼20–100 µm) than those observed in Grain 1 and have variable spacing. Nucleat-
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ing sub-grains occupy twin planes and separate regions of single crystal orientation. Nucleation
on twin planes occurs because it is energetically easier to nucleate due to higher interfacial
energy.
4.5 Conclusions
Carbonaceous chondrites reveal a variety of crystal structures both within individual samples
and between sample types. The MUD values and contour pole figures of CB meteorites HaH
237 and Bencubbin vary significantly to the values measured for CR Acfer 209, supporting the
current classification scheme.
Isheyevo has identifiable crystal structures on a sub-µm level and although this section is ex-
tracted from a single FeNi metal grain, it has a complicated texture in it’s microstructure
indicative of a period of high-temperature crystallisation. The Isheyevo TEM sample revealed
uniformly indistinguishable crystals characteristic of a kamacite phase which was confirmed by
chemical analysis.
Most grains in Acfer 209 and HaH 237 exhibit low-angle boundaries in their cores progressing
to high-angle boundaries at their rims. These grains were predominantly kamacite which was
also found to be the case for a sub-µm crystalline TEM section of CH/CBb Isheyevo.
It is clear that strain was a major process which altered these chondrite metal grains periodi-
cally during their formation. A zoned and plastically deformed metal grain with equant internal
sub-grains was identified which likely formed through the process of sub-grain rotation recrys-
tallisation in HaH 237. An initial period of deformation created dislocations in metal grains
and increased the internal energy of the sample. Continuous deformation allowed the movement
of dislocations via diﬀusion, and assumed lower energy configurations in the form of low-angle
boundaries. These boundaries increased to high misorientation angles with further deformation.
Evidence of twinning was observed in metal grains of Acfer 209 and HaH 237. Twin planes were
∼10 µm wide and occupied by nucleated sub-grains. Twinning allows materials to accommodate
strain and is indicative of plastic deformation. Gradual lattice bending was evident in the twin
lines of Acfer 209 indicating a period of localised strain.
The crystallography of metal grains is somewhat dependent on the location of the grain. Mis-
orientations associated with chondrules in Acfer 209, both inside and on the rims, tend to a
homogeneous distribution. Matrix metal in Acfer 209 has a greater degree of misorientation
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across individual grain surfaces, suggesting very diﬀerent formation conditions. MUD values,
which are a statistical description of the intensity of a fabric, are characteristic of meteorite
group types and could potentially be used as a means of meteorite family classification.
The development of EBSD has resulted in the amassing of large volumes of textural data with
relative ease. What was once considered the domain of crystallographers, has been expanded
to any lab with access to an SEM. The seasoned interpretative skills of crystallographers has
not translated as well as data collection methods have to non-crystal experts, and as such data
interpretation is playing catch-up to data generation. Large quantities of grains cannot be
EBSD-mapped simultaneously without due concern to beam drift. Thus results from a nominal
amount of grains must be assumed likely for all similarly placed metal grains. In this way we can
use grain size-studies to visualise how metal grains relate to each other and extrapolate EBSD
results to get a broad understanding of metal grain formation.
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Chapter 5
Grain-Size Analysis of Meteoritic Metal
5.1 Introduction
The history of formation and subsequent processing of a geological material is reflected in it’s
grain-size distribution (GSD) (Marsh, 1988). The grain-size distributions of CB chondrites Gu-
jba (CBa), Bencubbin (CBa) and HaH 237 (CBb) were analysed and comparatively plotted to
seek common trends and to assess the possibility of a common parent body.
Grain-size frequency distribution (GSFD) and crystal size distribution (CSD) analyses diﬀer in
that data inputted into CSD calculations are 2-D values mathematically corrected for the 3-D
nature of grains, whereas GSFD uses raw uncorrected data extracted from 2-D images. The
CSD plot is a three dimensional distribution of crystals in a natural material and is found by
defining a series of size intervals and distributing the number of crystals per unit volume over
this series. The CSD is an intrinsic property of a solid and reflects the final stage of a rock’s
textural evolution.
Shape factors are often used to describe the shape of a particle independent of it’s size in GSFD.
Shape factors are dimensionless quantities calculated from 2-D measured dimensions such as
height, width, area, perimeter, major axis, minor axis etc. from a cross-sectional image. Most
shape factors such as circularity and ellipticity represent the deviation from an ideal shape (i.e. a
circle and an ellipse) and are often normalised from 0–1 with 1 representing maximum symmetry.
Images were acquired from 2-D BSE and CT images before preprocessing, thresholding and
extraction using ImageJ software.
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5.1.1 Grain Statistical Measurement for GSFD
Digitised images of metal grains in Gujba, Bencubbin and HaH 237 were analysed with ImageJ
software to gather a range of statistical parameters for each chondrite. Data for grain area
frequency, height, width, circularity, ellipticity, aspect ratio vs. grain width and aspect ratio
frequency were collected.
Gujba
Metal grain statistics for CBa Gujba were calculated using a combination of grains counted from
a single BSE image and grains counted in six separate CT DICOM slices. Figure 5.1(a) displays
a large slab of Gujba covering 6,370 mm2. Metal grains appear white in the BSE image and
were separated and converted into digital images for analysis. The location and number of each
grain was recorded on a low resolution scan of the sample as shown as a partial inset. Figure
5.1(b) shows a 666 g fragment of Gujba broken from the main mass which was CT scanned
using a Metris XT H 450 LC at X-Tek Systems Ltd. in Tring. The sample is approximately
equi-dimensional (6 x 6 x 7 cm) and estimated to contain several thousand metal nodules. An
orange-brown outer colour is indicative of surface weathering. Metal grains are observed on the
surface of the sample as small round sub-cm protrusions.
(a) BSE of CBa Bencubbinite Gujba. (b) 666 g fragment for CT analysis.
Figure 5.1: Slab and fragment samples of CBa Gujba. Left: A BSE map with an inset section scanned and
numbered. Images of 1,675 metal grains were extracted from the BSE map using imaging software and their
locations recorded in the colour scanned image. Right: The 666 g whole fragment sample of Gujba. A 1 cm3
reference cube is shown to the left of the sample.
The CT scan produced 1,460 DICOM slices each revealing areas of diﬀerent contrast correspond-
ing to diﬀerent textures. Three slices are shown in Figure 5.2.
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(a) Slice 429/1460 (b) Slice 903/1460 (c) Slice 1377/1460
Figure 5.2: Three DICOM slices of CBa Gujba at slice 429/1460, 903/1460 and 1377/1460. Metal grains are
identified by white inclusions and surround larger silicate chondrules.
A 3-D structure of the meteorite sample was reconstructed from all slices with an overall spa-
tial resolution of 60 µm. Metal grains were isolated from the 3-D reconstruction using image
processing software SPIERS (Sutton, 2000), ImageJ and VG Studio MAX. Three stills of a 3-D
reconstruction are shown in Figure 5.3.
Figure 5.3: Computed tomography scanning video stills of the 666 g CBa Gujba fragment sample. The dataset
is thresholded to isolate metal grains only, and can be viewed from any angle.
Smooth and round metal grains are separated by approximately several millimetres and encircle
chondrules. Chondrules are identified by the large spherical gaps left between metal grains in
the 3-D model. This study found that 46 vol% of the sample is metallic. Over 10,000 individual
grains were detected. CT reveals the distribution of metal grains throughout a sample and
illustrates how they relate to each other. Figure 5.4 shows six DICOM images chosen at intervals
of 237 to avoid grain overlap for use in grain statistical measurements. The slices cover areas
of meteoritic material 668 mm2, 2,243 mm2, 2,608 mm2, 2,714 mm2, 2,390 mm2 and 1,344 mm2
respectively. Grain boundary analysis detected 3,867 unique grains. Due to the size of the
samples measured for Gujba, results are on a mm scale.
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(a) 262 grains (b) 1599 grains (c) 846 grains
(d) 599 grains (e) 407 grains (f) 148 grains
Figure 5.4: Grain boundary analysis of six DICOM CT slices. The slices were manually thresholded for metallic
material using SPIERS software (Sutton, 2000).
Bencubbin
All euler EBSD orientation maps of Bencubbin were digitised for grain-size analysis allowing
measurement of internal sub-grains on a micron scale. The grain boundaries of the two measured
maps are shown in Figure 5.5 and counted a total of 93 and 30 metal grains respectively.
(a) 93 grains (b) 30 grains
Figure 5.5: Grain boundary analysis of Bencubbin EBSDmaps. Grains are automatically counted and measured
for a range of statistics with ImageJ particle analysis.
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A total metal grain count of 123 is a small dataset when compared to Gujba and HaH 237.
Therefore caution is taken when assuming trends for CB chondrites based on these values.
However, only a limited dataset is necessarily available for EBSD measurements.
HaH 237
Figure 5.6 shows the two all euler EBSD orientation maps of HaH 237 used for particle analysis
in this study. These sub-grains make-up the micro-metallic internal structure of larger HaH 237
metal grains. A total of 2,030 grain were counted and analysed for plotting.
(a) 988 grains (b) 1042 grains
Figure 5.6: Grain boundary analysis of HaH 237 EBSD maps. ImageJ automatically locates grain edges based
on relative contrast values between pixels. Statistics are generated based on these bounding values.
5.1.2 Grain Statistical Measurement for CSD
Values for ellipse minor and ellipse major axis of metal grains in Gujba, Bencubbin and HaH
237 were corrected using CSDslice and CSDcorrections. The entry values for CSDcorrections
are shown in Table 5.1. The roundness values are based on the average circularity of each
grain. CSDcorrections returns data and corresponding plots for the classic CSD diagram, CDF
lognormal plot and fractal plot of the dataset.
Meteorite Gujba Bencubbin HaH 237
Measurement Major Ellipse Major Ellipse Major Ellipse
Shape Ratio 1:1:2 1:2.1:4 1:1:1.9
Shape Rectangular Prism Tabular Columnar
Roundness 0.7 0.5 0.6
Fabric Massive Massive Massive
Total Area 18,3334 mm2 17,100 µm2 7,952 µm2
Number of Grains 5,542 123 2,030
Table 5.1: CSDcorrections entry values for Gujba, Bencubbin and HaH 237.
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5.2 Results: Grain-Size Distribution
5.2.1 Grain Circularity and Ellipticity
A measurement of grain circularity indicates the relative shape of a grain when compared to a
circle. Values range from 0–1 with 1 indicating a circle. As the value approaches 0.0, it indicates
an increasingly elongated shape. A comparison of grain circularities for Gujba, Bencubbin and
HaH 237 is shown in Figure 5.7. Due to Bencubbin’s smaller data set (123) compared to Gujba
(5,542) and HaH 237 (2,030), the y-axis is normalised by dividing each frequency bin by the
maximum number of grains found in one bin (i.e. for the circularity of metal grains in Gujba,
the highest number of grains in one frequency bin was 472 which represented a circularity of
between 0.6–0.7. The number of grains in all other bins were consequently divided by 472). The
modal circularities for Gujba, Bencubbin and HaH 237 are 0.74, 0.49 and 0.61 respectively. The
profile of the distribution of metal grain circularity is similar for all three chondrites, however
the plot for Bencubbin is noticeably shifted to lower values compared with Gujba and HaH 237.
The elliptical angle of a grain is the angle measured between the major and minor axes of the
grain. Its value is indicative of the extent to which a material has been subjected to mechanical
deformation and can reveal the relative magnitude of strain and particle alignment in a sample.
This is due to the cubic and monoclinic nature of metal which has a shape. A normalised
comparison of grain ellipticities for Gujba, Bencubbin and HaH 237 is shown in Figure 5.7 (b).
Their average ellipticities are 89.3◦, 84.7◦ and 72.8◦ respectively. The distributions of ellipticity
in Gujba, Bencubbin and HaH 237 are broadly sinusoidal and multi-peaked with agreements at
low- (∼5◦), mid- (∼90◦) and to a lesser extent high- (∼170◦) range angles. This is a consequence
of a small dispersion around the undefined cubic orthogonal axes. The peak normalised number
of grains for each chondrite is ∼90◦ apart i.e. HaH 237 peaks at ∼1–10◦, Bencubbin peaks at
∼90–100◦ and Gujba peaks at ∼160–170◦.
Figure 5.7: Left: Normalised circularity frequency for metal grains in Gujba, Bencubbin and HaH 237. All
three CB chondrites display a similar profile, but the plot for Bencubbin is noticeably shifted to lower values.
Right: Elliptical angle frequency of metal grains in Gujba, Bencubbin and HaH 237. All three chondrites follow
similar co-sinusoidal profiles with their maximum number of normalised grains almost ∼90◦ apart.
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5.2.2 Grain Height vs. Grain Width
The grain height and width are measured relative to the orientation of the grain image. The
interpretation of grain height and width statistics is similar to that of grain circularity, although
height and width can be plotted without normalisation. Due to the high circularity values
already measured, a linear height-width relationship is expected. A linear relationship suggests
symmetrical grain growth. Deviations from a slope of 1 may suggest that the meteorites have
experienced mechanical deformation in the form of a preferred orientation. Figure 5.8 shows a
comparison of grain height vs. grain width for metal grains in Gujba, Bencubbin and HaH 237.
Units of width and height for Gujba are in millimetres due to the larger sample size analysed.
Bencubbin and HaH 237 metal grains are measured in microns.
Figure 5.8: Height vs. width of metal grains in Gujba, Bencubbin and HaH 237. All three chondrites display
a linear relationship between height and width. HaH 237 and Gujba have similar trendlines while Bencubbin
deviates to a higher slope.
The average width of metal grains in Gujba, Bencubbin and HaH 237 is 1.01 mm, 8.42 µm
and 1.85 µm respectively. The average height of metal grains is 0.88 mm, 16.48 µm and 1.75
µm respectively. A linear height-width relationship is obeyed by all three CB chondrites. Data
for HaH 237 and Gujba follow similar trendlines while Bencubbin noticeably deviates from this
shared trajectory. A fitted trendline through each data series results in a slope of 1.96 for
Bencubbin, 0.80 for Gujba and 0.78 for HaH 237. R2 values are 0.59 for Bencubbin, 0.88 for
Gujba and 0.73 for HaH 237.
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5.2.3 Grain Aspect Ratio
The ratio of long axis (X) to short axis (Z) of a grain’s elliptical fit is known as it’s aspect ratio
(X/Z). A comparison of meteoritic sample aspect ratios can identify those which underwent
similar deformational events. Figure 5.9 illustrates the normalised frequency distribution plot
of the aspect ratio for Gujba, Bencubbin and HaH 237.
All three share a similar profile with Bencubbin and HaH 237 peaking at an aspect ratio bin
of 0.5–1 and Gujba peaking at 1–1.5. Average AR values for Gujba, Bencubbin and HaH 237
are 1.6, 2.8 and 1.9 respectively. Elliptical angle values have already shown variation between
the CB chondrites Gujba, Bencubbin and HaH 237 and similar diﬀerences are found in aspect
ratio analysis. Figure 5.9 (b) illustrates the relationship between grain aspect ratio and grain
size (width). Units for Bencubbin and HaH 237 are in microns while Gujba is measured in
millimetres. It is clear that there is a consistent base value of ∼1–2.5 that persists among all
size classes. Larger anisotropy values appear for HaH 237 and Bencubbin in a subset of smaller
grain sizes, while Gujba’s large grain sizes allow a greater spread on the size axis.
Figure 5.9: Left: Normalised AR frequency distribution of metal grains in Gujba, Bencubbin and HaH 237.
Shape measurements are based on best-fit ellipsoids for each grain giving 2-D radii from longest to shortest of
X and Z. The AR is defined as the long axis/short axis (X/Z). Right: AR vs. width of metal grains in Gujba,
Bencubbin and HaH 237. There is a consistent base value for the aspect ratio between ∼1 and 2.5. Grain-size
units for Gujba are in mms, but are plotted here in context with units for Bencubbin and Gujba in µms.
The aspect ratio can also be calculated using orthogonal crystal dimensions rather than axes of
the elliptical fit. In this alternative formula two orthogonal crystal dimensions of width (a) and
length (b) can be used to define the aspect ratio as a/b. This method oﬀers numerically diﬀerent
values but is presented for consistency with other literature measurements. Gujba, Bencubbin
and HaH 237 have a/b values of 1.145, 0.88 and 1.5 respectively. The root mean square (RMS)
is a statistical measurement of the magnitude of a varying quantity and is calculated by RMS
= (a2 + b2)0.5.
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The RMS values for Gujba, Bencubbin and HaH 237 are 1.358, 19.2 and 2.6 respectively. As
RMS measures the degree of variation within a sample set it is no surprise that Bencubbin yields
the largest value as only 123 grains are analysed. Gujba has the lowest RMS value with 5,542
grains measured resulting in a reduced standard deviation between grains. Tabulated data for
all shape statistics are shown in Table 5.2.
Meteorite Count Circ. Ellip. Height Width Perimeter Area X/Z a/b RMS
Gujba 5,542 0.74 89.3◦ 0.88 1.01 3.52 1.47 1.62 1.145 1.358
Benc. 123 0.49 84.7◦ 16.48 8.42 50.57 126.47 2.84 0.88 19.2
HaH. 2,030 0.61 72.8◦ 1.75 1.85 6.63 2.94 1.9 1.15 2.6
Table 5.2: Shape measurement data for CB chondrites. Units for height, width, perimeter and RMS are in
mm for Gujba and µm for Bencubbin and HaH 237. Similarly units for area are in mm2 for Gujba and µm2 for
Bencubbin and HaH 237. Circ. = circularity, Ellip. = ellipticity.
5.3 Results: Crystal Size Distribution
5.3.1 Classic CSD Diagram
The most useful plot for texture measurements is the population density plot shown in Figure
5.10 for Gujba, Bencubbin and HaH 237. This is a plot of the natural log of the population
density against the grain size. Crystallisation in magmas occurs in both open and closed systems,
each which are represented by diﬀerent negative log-linear CSD plots. In Figure 5.10(a) CBa’s
Gujba and Bencubbin approximate concave-down profiles. The size range of Bencubbin is much
larger than Gujba or HaH 237 and therefore reduces the information available from the plot. A
size limit is imposed on the same data and the result shown in Figure 5.10(b).
(a) (b)
Figure 5.10: (a) Classic CSD diagram for Gujba, Bencubbin and HaH 237 with no size limit applied. The
population density rapidly declines at small grain sizes for all CB chondrites. (b) Classic CSD plot with a size
limit of 25 µm (mm for Gujba) applied. HaH 237 displays an initial upward slope before dropping at a common
turning point for all three chondrites at ∼3 µm.
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At smaller grain sizes population density rapidly declines with steep initial slopes until ∼3 on the
size axis (mm for Gujba, µm for Bencubbin). This inflection at small grain sizes is characteristic
of open systems and is a result of a continuous outflow of older crystals. The growth of larger
crystals at the expense of smaller ones suggests a period of annealing, however down-bending
may also occur from a diﬃculty in measuring grains at smaller sizes. Bencubbin shows an
undulating slope with a mean approximating a value parallel to the x-axis most likely due to the
lower grain count of Bencubbin. The classic CSD plot for CBb HaH 237 is the only plot with an
initial upward slope. It begins to drop into a downward slope at the same turning point as noted
for Gujba and Bencubbin at ∼3 µm. After this turning point HaH 237 is curved concave-up
throughout the measured range in crystal sizes. Only Gujba begins in the positive y-axis.
5.3.2 CDF Lognormal Plot
The CDF is the cumulative distribution function which completely describes the distribution of
a real valued variable, in this case the grain size. Lognormal plots are used to model variables
which are the multiplicative product of other independent and positive random variables such
as growth rate, nucleation rate, temperature and pressure. The CDF plot of metal grains in
Figure 5.11 shows a continuous distribution function (as opposed to a discrete distribution). A
continuous function like this can also be referred to as non-bimodal (Cashman and Marsh, 1988).
Figure 5.11: Lognormal distributions for Gujba, Bencubbin and HaH 237. The CDF plots are continuous
distributions. The linearity of Gujba and HaH 237 indicates either a lognormal distribution or is a consequence
of plot calculations which puts the majority of small grains in the lowest size frequency bin.
CBas Gujba and Bencubbin both remain on the positive side of the y-axis and begin at the
same point of approximately -2 on the x-axis. Bencubbin’s slope initially rises before entering
a concave-up profile approximating the shape of Gujba’s profile in the positive x and y-axis
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quadrant. Gujba is approximately linear in this plot except for a slight deviance at higher
grain sizes. CBb HaH 237 has a notably diﬀerent profile beginning in the negative-y positive-x
quadrant and follows a steady upward slope. Above the x-axis the plot is almost linear which is
suggestive of a lognormal distribution, however this may be misleading. Most of the slope lies
above the median size (1.85 µm where ln (1.85) = 0.615) due to the majority of small crystals
residing in the lowest size bin. Compounding this evidence against a lognormal distribution is
the data approaching negative infinity in the left end of the CDF, as there are no small crystals.
5.3.3 Fractal Plot
Mandelbrot (1982) introduced the concept of fractal dimensions. Fractals have played a signif-
icant role in natural sciences and are now commonly believed to be fundamental to geological
textures. The classic CSD diagram does not reveal directly if a CSD is fractal but can be altered
to do so by plotting the number of crystals < size against the natural log of the crystal size.
The fractal dimension D is calculated by multiplying the slope by -1 (Turcotte, 1992). Fractal
behaviour can only be identified if a wide range of crystal sizes are analysed. CSD’s which follow
a power-law represent crystals which may have undergone solid-state deformation or have orig-
inated due to comminution (Pickering et al., 1995). This type of CSD is often represented by a
fractal plot which reflects the exponent of the power-law CSD. The fractal diagrams for Gujba,
Bencubbin and HaH 237 are shown in Figure 5.12. Gujba and Bencubbin both begin in the
negative-x, negative-y quadrant and are parallel in a downward slope until x = ∼1 where they
begin to converge. The plots intersect at x = ∼2.8. Both Gujba and Bencubbin trail oﬀ in the
last third of their profiles into noticeable downward slopes. Gujba and Bencubbin have fractal
diagrams with two or more clearly defined slopes and are therefore described as multi-fractal.
Figure 5.12: Fractal diagram for Gujba, Bencubbin and HaH 237. HaH 237 is highly curved indicating a lack
of self-similarity and is therefore not fractal.
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CBb HaH 237 is a concave-down profile located in the positive-x, negative-y quadrant of the
graph. The curved plot does not have clearly defined slope changes and is unlikely to be multi-
fractal. Previous authors have interpreted a curved slope as multi-fractal but it is rare that CSD
data encompasses a suitably broad crystal size range to conclusively determine multi-fractal
behaviour (Higgins, 2006). The strong curvature of HaH 237’s plot indicates a lack of self-
similarity. The curve becomes horizontal at small sizes as no more crystals are added when the
size is decreased. HaH 237 is therefore not fractal.
5.4 Discussion
5.4.1 Significance of the Comparison
In Gujba, entire metal grains are measured and compared to sub-grains in Bencubbin and HaH
237. Some of these comparisons may reveal whether metal droplets and sub-grains have been
aﬀected by the same process. For example similar degrees of flattening might suggest that
metal was flattened in-situ in the solid state and the shape of large grains eﬀects their internal
deformation of sub-grains. Ideally one would pertain a grain analysis on Bencubbin at a similar
scale to Gujba using BSE to give a more meaningful comparison. If it can be shown that sub-grain
CSD closely mirrors grain CSD then it can be proven that grain morphology in the meteorites
is due to sub-solidus sub-grain deformations due to shock on the parent body. However, whole
metal grains in Bencubbin and HaH 237 are fragmented and vary in size from several microns
to cm (see BSE images in Chapter 3). Obtaining data from 2D images for these samples would
be laborious and hindered by human inaccuracies. Unfortunately no large samples of Bencubbin
or HaH 237 were available for CT analysis. However, there are many conclusions which can be
drawn from the dataset which will be discussed in the following section.
5.4.2 Classifying Chondrites According to their GSFD
If grain size is consistent within meteorite groups we would expect similar grain-size average
values for the CBa grouped samples Gujba and Bencubbin contrasting against values for the
CBb type HaH 237. Average elliptical angles are consistent with the subdivison of CB chon-
drites. Interestingly the peak average elliptical angles for all three are almost 90◦ apart but
averages show Gujba higher than Bencubbin by just 4◦. CBb HaH 237 averages 12◦ lower than
Bencubbin. Aspect ratios show a similarity between CBas Gujba and Bencubbin by showing a
consistent base value of 1–1.5. CBb HaH 237 peaks at 0.5–1. However the average width values
and consequently the average circularity values are inconsistent with group revealing Gujba and
HaH 237 to record the highest values. Due to the limited dataset for Bencubbin metals and the
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orders of magnitude higher grain sizes measured in Gujba (mm) we can only tentatively suggest
a possible correlation between meteorite grouping and grain-size analyses. However there is good
agreement with ellipticity and aspect ratio.
Gujba has the highest circularity of 0.74 when compared to Bencubbin and HaH 237. In Gu-
jba, high circularity is expected since height and width diﬀer by only ∼10 %. This value is
supported by the description of it’s metal content as consisting of ellipsoidal and/or spherical
grains (Rubin et al., 2003). The suggested mechanism of diﬀusion for the formation of metal
grains in Gujba is supported by both the high circularity value and the linear height vs. width
plot, which both indicate a symmetry of growth. The comparative plot of metal grain circularity
for all three chondrites reveals a shared profile, but data for Bencubbin is shifted left to lower
circularity values than those in Gujba and HaH 237. Bencubbin metal grains are therefore more
preferentially oriented and elongated than those found in Gujba or HaH 237.
5.4.3 Common Thermal and Deformational Events in CB Chondrites
The similar circularity frequency distribution profile suggests that all three CB chondrites experi-
enced a similar thermal event, but for Bencubbin, either the maximum temperature experienced
or the length of exposure time to the event diﬀered when compared to Gujba and HaH 237. This
is further supported by the slopes of fitted trendlines to the grain height vs. grain width plots
of the three chondrites: Bencubbin with a slope of 1.96 deviates significantly from the slopes of
Gujba (0.78) and HaH 237 (0.73). All three meteorite samples experienced deformation events
with similar amounts of strain. It is possible that these events were common due to circularity
results and a strong and common mode in their aspect ratios of ∼0.5–1.5.
There is substantial evidence for mechanical deformation of these CB chondrites in the nor-
malised elliptical angle frequency distribution plots. Data for all three chondrites follow the
same undulating profiles, peaking and troughing at approximately the same points. HaH 237
has the most grains with elliptical angles of 0◦–10◦, Bencubbin has the most grains with elliptical
angles of 90◦–100◦ and Gujba has the most grains with elliptical angles of 160◦–170◦. This result
supports the high circularity of Gujba grains which have the largest obtuse angles measured
between the major and minor axes of it’s grains. Low circularity is also expected for HaH 237
grains which are characterised by an acute elliptical angle. These values are indicators of pure
shear or the extent to which a sample has been flattened. A flat elliptical angle distribution plot
would suggest a random orientation of metal grains, which is not the observed case for these CB
chondrites.
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Small parent bodies are thought to be too small for self-compression. Shock due to collisions are
the most likely deformation mechanism. The sequence of textural and compositional changes
among chondrite classes is explained by prograde thermal metamorphism. This was a conclu-
sion following examination of the autometamorphism model (Anders, 1964) where rapidly cooled
material developed into type 3 chondrites and slowly cooled material became type 6 chondrites.
This model was deemed untenable following a critical evaluation of the evidence for hot accretion
Rubin and Brearley (1996). In prograde thermal metamorphism cold unequilibrated material
was progressively heated on a parent body (Merrill, George Perkins, 1921; Wood, 1962; van
Schmus and Koﬀman, 1967; Dodd, 1969; Lux et al., 1980).
Potential heat sources for driving prograde-metamorphism include radioactive decay of 26Al and
60Fe, electromagnetic induction, FU-Orionis-type events and collisional heating. Accretional or
collisional heating is generated when the kinetic energy involved during the formation of aster-
oids is converted into heat energy. The gentle impacts which permitted asteroids to grow did
not release a significant amount of energy and consequently did not result in significant heating
(Wood and Pellas, 1991). However once an asteroid formed, significant energy could have been
deposited by high-velocity impacts without disrupting the asteroid (Huss et al., 2006) resulting
in deformation of material. Evidence for annealing following an earlier period of more intense
shock is observed in many type 5-6 ordinary chondrites of low shock stage (S1) (Rubin, 2004).
Accretional or collisional heating may also have been responsible for producing diﬀerentiated
meteorites by melting asteroids.
Rubin et al. (2003) conclude that metal globules formed from quenched liquid droplets and were
not aggregational as proposed by Weisberg et al. (2001). The spheroidal and ellipsoidal shapes
of metal grains (roundness 0.738) are indicative of formation by surface tension, hence a liquid
droplet origin. The condensation of these liquid droplets is unlikely to be from the solar nebula
as suggested by Newsom and Drake (1979) because this requires processes unrecorded in normal
chondrites. Condensation is more likely from an asteroid collision impact plume (Wasson and
Kallemeyn, 1990; Kallemeyn et al., 2001) where the target asteroid was the undiﬀerentiated
chondritic parent body .
5.4.4 RMS and AR Data Comparisons to Chondrites
Meteoriticists generally represent data in root-mean-square (RMS) format while the wider field
of geology prefers the crystal size distribution (CSD) method. An RMS grain-size analysis is
reported by Brearley (1996a) on grains in the matrices of metamorphosed CO chondrites. A
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comparison of his data with results found in this study for Gujba, Bencubbin and HaH 237
are shown in Table 5.3. The aspect ratio in this table is defined as the ratio of grain width to
height (a/b) as opposed to the ratio of elliptical long axis to short axis (X/Z) previously used
to calculate AR.
Meteorite Class Count RMS (µm) Aspect Ratio (a/b)
Kainsaz CO3.1 144 0.249 1–1.5
Ornans CO3.3 253 0.542 1–1.5
Warrenton CO3.6 298 0.348 1–2
Gujba (Metal) CBa 5542 1.358 (mm) 1.15
Bencubbin (Metal) CBa 123 19.2 0.88
HaH 237 (Metal) CBb 2030 2.6 1.15
Acfer 094 (Sulphides) ungrouped 1131 0.54 1.13
Table 5.3: Class, count, average RMS and aspect ratio (a/b) values for a range of chondrites.
(Brearley, 1996a) found there were bimodal RMS distributions for Kainsaz and Warrenton but
only a single peak for Ornans (Figure 5.13).
Figure 5.13: RMS frequency of metal grains in CO chondrites Kainsaz, Ornans and Warrenton from (Brearley,
1996a). Kainsaz and Warrenton display bimodal distributions while Ornans has only a single peak.
There are no bimodal distributions found in Gujba or Bencubbin, but HaH 237 does exhibit a
dual peak in Figure 5.14(c).
(a) Gujba n=5542 (b) Bencubbin n=123 (c) HaH 237 n=2030
Figure 5.14: RMS frequency of metal grains in Gujba, Bencubbin and HaH 237. No dual peaks are observed
in Gujba or Bencubbin, but HaH 237 shows a second peak at 1–1.5 µm.
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The lack of a second peak in Kainsaz is attributed to the small sample population of 144 grains,
which is consistent with Bencubbin’s lack of a second peak with only 123 grains measured.
However Gujba has a sample population of 5,542 and does not have a dual peak. Brearley
(1996a) also found that Warrenton had a higher aspect ratio than Kainsaz and Ornans. Gujba
and HaH 237 have aspect ratios consistent with the CO ratios. Bencubbin has the lowest aspect
ratio of all samples at 0.88 and the corresponding highest RMS value of 19.2. The RMS values
for Gujba and HaH 237 are an order of magnitude higher than those for CO chondrites.
5.4.5 Evidence for Annealing and Crystallisation
In a closed crystal system cooling results in a logarithmic increase of the nucleation rate until
further increase is prevented by decreases in diﬀusion rate. Igneous systems typically have
straight line crystal size distributions when plotted on a classical CSD diagram for average
mm-cm size data. Low size values such as those used in this study (on a micron scale), have
concave-down CSD plots. This plot is interpreted as signifying the end of a crystallisation period
(Rannou and Caroﬀ, 2010). Figure 5.15 from Higgins (2006) shows three theoretical CSD models
of the classic CSD diagram, the CDF diagram and the fractal diagram.
Figure 5.15: Graphical display of theoretical CSD models from Higgins (2006) showing the expected profiles
for semi-logarithmic, lognormal and fractal CSD plots.
Following these models, CBa chondrites Gujba and Bencubbin are classified as fractal (obeying
a power-law), and CBb chondrite HaH 237 as lognormal. Lognormal plots are kinetic in origin
and occur as a result of nucleation and growth (Higgins, 2006). A lognormal distribution as
observed for HaH 237 suggests size-sorting, condensation or Ostwald ripening. Ostwald ripening
describes a change over time of an inhomogeneous structure. It occurs when large precipitates
grow by drawing on the material of smaller precipitates which consequently decrease in size i.e.
annealing. Previous observations of martensite in HaH 237 implies a lack of annealing which
would rule out Ostwald ripening. However, martensite was not observed in the grains analysed
in this study, and may have been restricted to a particular population. There is also evidence
for annealing in EBSD data.
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5.4.6 Data Collection: 2-D vs. 3-D Methods
Computed tomography scanning is a powerful and non-destructive analytical technique. It is
useful for visual analysis and documentation of precious structures and is amenable to the shape
analysis techniques used on thin sections - without the drawback of sample damage (Ketcham,
2005). CT slices can be used instead of 2-D images for this type of grain-size analysis, and due
to the accessibility of three-dimensional visualisation, can be manipulated if there is question
over a particular grain’s boundaries. However, as with any technique, there are drawbacks
to this method. Although many software programs have been designed to extract qualitative
information from these large CT datasets, there is none which can accurately provide grain sizes
without user manipulation. In this analysis phase diﬀerentiation was more accurately assessed
from the BSE map. Jerram et al. (2009) completed a case study quantifying olivine populations
in kimberlites using both stereologically corrected data and 3-D x-ray CT data. They concluded
that although 3-D data provides useful information about crystal shapes it is unreliable at small
crystal sizes. CT scans are limited by fine fraction sampling and is only accurate over a size
range of ∼6–0.5 mm. This was found to be the case for Gujba grains in this thesis. CSD plots of
x-ray data were found to be an inaccurate representation of true grain behaviour. Jerram et al.
(2009) reports a very good agreement between 2-D area and 3-D volume distributions which is
encouraging as 2-D data can be collected relatively easily and cheaply and provide a solid first
order estimation of grain behaviour.
5.5 Conclusions
Metal grains in all three CB chondrites exhibit a strong and common mode in their aspect ratio
at 0.5–1.5, indicating a common deformational event and a high probability of a shared parent-
body. Evidence for grain flattening and particle alignment testifies to deformation in all three
CB meteorites. Shock due to collisions is the most likely deformation mechanism since parent
bodies are thought to be too small for self-compression. High circularities of metal grains and
a linear height vs. width plot suggest a diﬀusion mechanism for the formation of metal grains.
The high roundness values of metal grains suggest surface tension formation and a liquid droplet
origin, most likely from an impact plume. Asteroidal high velocity impacts can transfer large
amounts of energy resulting in deformed material.
There is a distinct diﬀerence in CSD plots for CBa and CBb meteorites. CBb chondrite HaH
237 has a lognormal CSD plot which suggests a formation by annealing. Annealing may have
occurred as a result of an impact or a later period of crystallisation. Previous literature has
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recorded findings of martensite which has a stable temperature that would exclude annealing.
No martensite was observed in this study and therefore previous findings are assumed local to
particular grain populations. CBbs Gujba and Bencubbin display fractal plots obeying a power-
law which are kinetic in origin and are a product of nucleation and growth.
Data collection from 2-D images was found to be more accurate than that from 3-D CT scan
slices. Although CT scanning is unparalleled for gathering information about crystal shapes and
volumes, it is unreliable at small crystal sizes. For the purposes of GSFD and CSD studies, high
resolution SEM and TEM images provide greater accuracy.
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Chapter 6
Characterising Primitive Chondrite
Components in Acfer 094
6.1 Introduction
This study aims to evaluate the evidence for pre-accretionary and parent-body alteration mod-
els by analysing the chemical compositions, crystallographic textures, mineralogy and grain-size
frequency distribution of fine-grained matrix grains in the ungrouped carbonaceous chondrite
Acfer 094. Coarse-grained high-temperature components such as refractory inclusions (e.g. cal-
cium aluminium inclusions), chondrules and FeNi metal are present in carbonaceous chondrites.
In most of these meteorites coarse-grained components are held together by an abundance of
very fine (< 1µm) material in the form of either matrix, lithic clasts or rims around coarse-
grained components (Greshake et al., 2004). The origin and genetic relationship of this material
to coarse-grained material is poorly understood. Matrix material is highly sensitive to aque-
ous alteration and secondary processing due to the grain size and high porosity of fine-grained
matrix. However there are a few samples of carbonaceous chondrites which appear to have es-
caped major thermal metamorphism and were only slightly aﬀected by aqueous alteration on the
parent asteroid. These primitive samples are most likely to contain a record of nebular processes.
Acfer 094 is an ungrouped carbonaceous chondrite with aﬃnities to CO and CM type chon-
drites. It contains amorphous presolar silicates suggesting a primordial nature (Nguyen and
Zinner, 2004), and is one of the least altered and pristine meteorite samples available for anal-
ysis. The most abundant matrix component in Acfer 094 is amorphous material rich in Si, Mg
and Fe. It can account for 20–80 % of the material dependent on the location (Greshake, 1997)
and is embedded with tiny anhedral forsteritic olivines (∼30 %; Fa0−2; 200–300 nm), enstatite
pyroxenes (∼20 %; Fs0−3; 300–400 nm) and FeNi-sulphides (∼5 %; 100–300 nm) (Greshake,
1997). Phyllosilicates and ferrihydrite occupy veins and are present in minor abundances (<
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1 %) (Greshake, 1997) in the amorphous component. In this chapter I apply chemical, crys-
tallographic, grain-size and nanoSIMS techniques to components in the matrix of Acfer 094. I
analyse FeNi metal grains, sulphides, CAIs and chondrules to investigate the degree of alteration
and processing that this sample has been subject to in order to understand it’s origin.
6.1.1 Textures in Acfer 094
Figure 6.1 shows a false colour RGB (R=Fe, G=Mg, B=Si) montage map of the 22 mm2 thin
section of Acfer 094 analysed in this thesis. Acfer 094 is a highly porous sample and BE images
reveal details of a complicated surface structure. Metal occurs as round isolated inclusions and
as fragments in larger chondrules and on chondrule rims. Chondrules are observed as silicate-
magnesian regions often displaying internal metal grains. Interstitial matrix is observed between
large metal grains and chondrules.
Figure 6.1: Left: RGB montage of Acfer 094. R=Fe, G=Mg and B=Si. (a) FeNi grain embedded within a
silicate chondrule. (b) High resolution BSE image of the FeNi grain boundary showing re-entrant and facetted
edging. (c) Large silicates are observed isolated in the matrix adjacent to FeNi metal grains with weathered rims.
(d) A silicate chondrule displays a series of veins which intersect the FeNi grain.
Figure 6.1 (a) and (b) show an FeNi clast embedded within a silicate chondrule. The grain lies
adjacent to a surface crack and displays a reentrant and facetted boundary of ∼5 µm thickness.
FeNi metal grains are observed as both irregular inclusions in the matrix (Figure 6.1 (c)) and
as smooth rounded inclusions within larger silicates (Figure 6.1 (d)). The silicate chondrule in
Figure 6.1 (d) consists of an abundance of veins intersecting the dominant FeNi metal grain.
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These veins are composed of fine silicate glass, crystals and opaques such as troilite and metal.
The metal grain within the chondrule is irregular and embayed by a material with a lower BSE
potential that pseudomorphs the original droplet. This material also dominates the veins and is
probably due to alteration of metal by terrestrial weathering.
6.2 Transmission Electron Microscopy
6.2.1 Introduction
TEM diﬀraction analysis was applied to fine-grained (< 3 µm) matrix material to diﬀerentiate
between crystal and amorphous structures. Sub-µm FeNi metal grains, oxides and sulphides are
analysed to determine the eﬀects of aqueous alteration on the sample. Three TEM sections of
Acfer 094 were analysed. The first was imaged in bright field mode, the second in dark field mode
and the third was element mapped. Previous TEM analyses of Acfer 094 matrix has determined
three major material types which are also found in this study: amorphous, crystalline and porous
structures (Greshake, 1997). Crystalline material forms a groundmass for the most abundant
phases of olivines, low-Ca pyroxenes and FeNi sulphides.
6.2.2 Amorphous Material
Amorphous material is the most abundant phase in the interchondrule matrix of Acfer 094. It
accounts for 20–80 vol% and acts as an intergranular groundmass to small olivine, pyroxene and
FeNi sulphide grains. Amorphous material is virtually featureless at high resolution with some
weak z-contrast variations observed. Diﬀuse diﬀraction patterns are generated by amorphous
material (Figure 6.2). Amorphous grains include homogeneous areas up to 1 µm in length with
rounded elliptical outlines (blue dashed line of Figure 6.2 (1iv)). Diﬀraction patterns display
diﬀuse concentric rings with little or no interfering crystal lattice dots (Figure 6.2 (1ii)/(1iii)).
6.2.3 Porosity
Larger amorphous grains, which are porous are observed in Figure 6.2. Irregular porosity is
present as vein-like features. If they are not an artifact of sample preparation they might
indicate shrinkage. Primary porosity is observed as white inclusions in bright field images, and
black inclusions in dark field.
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Figure 6.2: Bright field TEM images of Acfer 094. Left: Whole TEM section 1 revealing silicate material left
of the yellow dashed line and amorphous/matrix material to the right. Diﬀraction patterns are displayed and
labelled (i)–(v) for five areas analysed. Right: Three TEM images of section 1 reveal crystalline sub-µm material.
Twinned gems, regions of porosity and large crystals are indicated.
6.2.4 Nanocrystalline Material
Crystalline materials range from sub-µm–µm in size and create fine rings in a diﬀraction pat-
tern. Due to the domination of amorphous material there is often an overlap of crystalline and
amorphous diﬀraction patterns in analyses of Acfer 094. The result is a diﬀuse and hazy pattern
(Figure 6.2 (1i)—(v)). Tiny specks in the pattern indicate an extremely fine-grained matrix ma-
terial. The precision of the diﬀraction pattern decreases as the grain size decreases. Well-defined
concentric circles in a diﬀraction pattern could be interpreted as reflecting an ultra-fine struc-
ture in which the diﬀraction spots have conglomerated into a ring. This is unlikely due to the
region from where the pattern was measured, and when taking into account other neighbouring
amorphous results. Nanocrystalline regions are distinguished from amorphous regions by textu-
ral diﬀerences. The results of Energy Filtered Transmission Electron Microscopy (EFTEM) are
shown in Figure 6.3. EFTEM filters out contrast-reducing electrons to generate improved image
resolution. A 0.12 µm wide grain is embedded in a groundmass of silicate and nanocrystalline
material. Lattice lines are visible to the right of the boundary and are separated by 0.7 nm.
This is probably of the mineral group serpentine which has a characteristic basal spacing of 0.7
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nm (Bailey, 1988). Regions of nanocrystalline serpentine are homogeneous and range in size
from ∼0.1–1 µm2. They generally do not contain any other mineral phases.
Figure 6.3: Bright field TEM images of lattice lines of a nanocrystalline grain in Acfer 094 matrix. From left
to right shows increasing image resolution. A basal spacing of 0.7 nm suggest the probability of the presence of
serpentine.
Larger crystals range in size from 0.4–0.2 µm and are generally hexagonally shaped with linear
and well-defined edges (Figure 6.2 (2c)). The diﬀraction results are compact with extremely
sharp patterns despite, in some cases, the sub-µm grain size (∼0.2 µm wide). A crystalline
olivine grain is observed in Figure 6.4. The ∼1.5 µm wide grain is euhedral in morphology and
homogeneous in texture with no inclusions, surface defects or evidence of shock. This smooth
inclusion has no evidence to support alteration despite it’s high Fe content which would quickly
oxidise in the presence of an aqueous fluid. The surface of some crystalline material reveals
inclusions which may be contaminant material redeposited onto the grain during the sample
preparation FIB-process (Figure 6.2 (2b)).
Figure 6.4: Dark field TEM images. Left: Whole TEM section 2. Bright and dark regions separated by the
yellow dashed line are an artifact of sample preparation. Areas imaged in higher resolution are indicated by
square dashed boxes. Right: Dark field TEM high resolution images of homogeneous inclusions and euhedral
FeNi grains.
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6.2.5 Twinning and Strain
Twinning bands separated by 0.05 µm are observed in an elongated black grain in Figure
6.2 (2c). These bands cross-cut through the grain and extend into the surrounding amor-
phous/nanocrystalline material. Bent lattice lines are observed in Figure 6.2 (2a).
6.2.6 Evidence of FeNi Metal
FeNi kamacite metal in Acfer 094 is rounded-to-euhedral with apparent diameter ranging from
∼0.1 µm to several microns. The sub-µm grains were too thick to generate any diﬀraction pat-
terns, but were identified by EDS analysis with Ni contents consistent with the kamacite phase.
Most FeNi metals are embedded within hydrated fine-grained material and are not associated
with any other coarse grains. Figure 6.5 shows regions of FeNi metal grains analysed with high-
angle annular dark-field (HAADF) z-contrast STEM imaging.
A common feature of metal grains in this region is the presence of localised embayments along
edges which appear to be a part of the metal grain’s structure. These embayments penetrate into
the metal grain a distance of ∼0.01–0.05 µm and are indicated by arrows in the figure. EFTEM
revealed that brighter areas are composed of higher percentages of Fe than lighter areas on the
rims of grains. This diﬀerence is compensated for by an increase in Ni and O (Figure 6.6). S is
abundant in the metal grain suggesting a possible presence of troilite (FeS). O is detected in the
metal grain suggesting the possible presence of wu¨stite (FeO), magnetite (Fe3O4) or hematite
(Fe2O3). Figure 6.6(b) reveals an FeNi vein structure emanating from the primary metal grain.
Figure 6.5: Dark field TEM high resolution images of metal grains in Acfer 094 matrix. Left: Arrows indicate
embayments on the surface of the euhedral FeNi metal grain edges which are observed as low z-contrast regions
extending into the grain’s interior. Grey areas at grain edges are depleted in Fe but enriched in Ni to form
kamacite at the high end of the Ni scale. Right: An irregularly-shaped FeNi metal grain with visible edge
embayments surrounds an inclusion.
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6.2.7 Calcium-Aluminium Inclusions
Figure 6.6(b) shows a CAI separated from an FeNi metal grain by a thin ∼2 µm Si/Mg strip of
either olivine (forsterite Mg2SiO4) or pyroxene (enstatite MgSiO3). There is an inclusion of Fe
inside the CAI but no Ni is detected.
(a) TEM section. (b) FeNi veins and CAI. (c) Reverse side of TEM section.
Figure 6.6: (a) A BSE image of a TEM section of Acfer 094 reveals a large ∼5 µm FeNi metal grain with
heterogeneous texture. This grain has a rounded outer edge with an internal irregular rimmed feature on the
surface. A layer of Ga from sample preparation is observed. (b) An FeNi metal vein protrudes from this grain
into a silicate-magnesium groundmass. A CAI is labelled in the figure. (c) The reverse side of the TEM section
reveals similar features. The blue dashed line indicates the region which is element mapped.
Element maps of the blue dashed region in Figure 6.6(c) are shown in Figure 6.7.
(a) R=S, G=O, B=Cr. (b) R=Fe, G=S, B=Cr. (c) R=Mg, G=Si, B=Al. (d) R=Fe, G=Ni.
(e) R=Fe, G=Mg, B=Si. (f) R=Fe, G=Ca, B=O. (g) R=Fe, G=Ca, B=Mg. (h) R=Fe, G=Ca, B=Al.
Figure 6.7: (a) O content is homogeneous in the upper section and penetrates into the FeNi metal grain. (b)
There is a noticeable Fe depletion at the edge of the metal grain where O is enriched. (c) The central material
is composed of a Mg-Si mass with a central high intensity point. A rim of Al is observed at the top. (d) Ni
content varies throughout the grain. (e) Fe is less abundant at it’s edges. (f) Ca is located at the top rim. (g)
All features show smooth edges. (h) The top feature is a CAI where Ca and Al spatially overlap.
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A CAI is partially observed in the upper region of the map (Figure 6.7(h)) and rims an FeNi
metal grain. This grain has an irregular rim which varies in width from ∼1–3 µm and penetrates
into the metal grain. There is a noticeable depletion of Fe and an enrichment of Ni and O
along the rim which may be due to an artifact of the TEM producing a thicker raised region of
material.
6.2.8 Sulphides
Figure 6.8 shows five sulphides dominating the centre of the map ranging in size from ∼0.05–
0.1 µm. These grains are located in a fine-grained ferrous-silicate groundmass characterised by
FeNi veins. Cr is sparsely distributed around the sulphides filling pockets left unoccupied by O.
Although Ni is distributed across the entire map there is a notable series of Ni veins observed
with an apparent diameter of ∼0.02 µm adjacent to Al inclusions. Al occupies regions depleted
in Ni and fills pockets between veins.
(a) Bright Field (b) G=O, B=Cr (c) G=Ni, B=Al (d) R=Si, G=Ni, B=Cr
(e) R=Si, G=O, B=Al (f) R=S, G=Al, B=Cr (g) R=Fe, G=Ni, B=Cr (h) R=Fe, G=S, B=Cr
Figure 6.8: TEM element maps for O, Cr, Ni, Al, Si and S in a sulphide-rich region of the matrix in Acfer 094.
Five Cr hot-spots are set in a groundmass high in Si and Fe with visible Ni grains surrounding Al inclusions.
The sample drifted between acquisition of TEM imaging and element mapping. The field of view of the O/Cr
map is displaced downwards in comparison with the previous bright field image.
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6.3 Electron Back Scatter Diﬀraction
6.3.1 Introduction
Electron Back Scatter Diﬀraction (EBSD) is a microstructural technique used to characterise
the crystallographic nature of a material and visualise the related petrofabrics. A thin section
of Acfer 094 was polished and carbon coated for use in the Cam Scan X500 Crystal Probe in
the Department of Ocean and Earth Sciences at Liverpool University.
TEM results and previous EBSD analysis on Acfer 094 has revealed that the dominant crystalline
matrix phases are olivine and pyroxene embedded in an amorphous material. Magnetite was
detected in small amounts, while olivine grains consisted of euhedral, lath-shaped and subhedral,
irregular shaped morphologies (Howard, 2006). However EBSD analysis of matrix material is
diﬃcult due to the low degree of crystallinity. The percentage of crystalline phases is calculated
by subtracting the percentage of EBSD zero solutions from one hundred. Zero solutions can
include amorphous material, porous regions or grains too fine to index. Howard (2006) found
the degree of crystallinity of a fine-grained rim in Acfer 094 to be 1.9 %. Metal in Acfer 094
occurs as isolated metal grains in the matrix, inside chondrules and on chondrule rims. EBSD
all euler misorientation maps were collected from metal in each of these regions and diﬀerences
with location were observed.
6.3.2 EBSD of Chondrule Metal Grains
Chondrule 1
Figure 6.9 shows the all euler and band contrast map with corresponding pole figures for metal
content inside a chondrule. The chondrule is only partially shown in the map, but occupies the
entire map width of 150 µm. Internal chondrule metal grains range in size from ∼5–25 µm in
diameter and are crystallographically of single orientation. The metal shards inside the chon-
drule have a homogeneous crystal structure. Although the euler colours vary from fragment to
fragment, each individual grain has a uniform crystal structure within the chondrule. A larger
∼20 µm metal fragment (green) lies outside the chondrule and has mostly single orientation with
some variation on it’s upper rim.
The pole figure map displays a dispersed distribution of orientations due to the abundance
of individual grains within the chondrule. The Multiple of Uniform Density (MUD) is the
statistical description of the intensity of a fabric used in EBSD analysis and can determine
whether a fabric is random. An even distribution of data points across a pole figure indicates a
random fabric and is represented by a MUD of 1. A maximum MUD significantly greater than
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1 signifies a fabric. However as noted in Chapter 4 a minimum of 100–150 grain measurements
are necessary to obtain a reasonable fabric representative Isma¨ıl and Mainprice (1998). Area of
highest misorientations are observed more easily from the contour pole figure which has a MUD
value of 8.57.
Figure 6.9: Left: Acfer 094 Chondrule 1 all euler map with single orientation grains inside the chondrule.
The dashed yellow line represents a misorientation line profile. Top right: Corresponding pole figure with well
distributed points. Bottom right: Contour pole figure with MUD of 8.57.
The yellow dashed line in the all euler map represents a plot of the degree of misorientation
across grains in the chondrule. As indicated by the low MUD value, there is little misorientation
between grains with a peak value of 1.75◦ measured.
Chondrule 2
Figure 6.10 shows the EBSD map and pole figures for a ∼130 µm x 110 µm region of metal
grains inside a chondrule. Indexed regions are FeNi metal with grains grains ranging in size
from ∼5–30 µm. The majority of metal particles are single orientation.
The pole figure of the all euler map reveals a random and finely dispersed pattern. This distri-
bution is a result of the variation in FeNi crystal arrangements in the chondrule. A comparison
of the all euler and contour pole figures reveals that the pink and green grain in the lower left
hand corner of the all euler map has the highest angle misorientations. This grain is the only
one not to have uniform crystallinity inside the chondrule. The grains analysed in this area of
Acfer 094 have a MUD maximum value of 14.77.
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Figure 6.10: Left: Acfer 094 Chondrule 2 all euler map showing chondrule grains with single orientation. Top
right: Corresponding pole figure. Bottom right: Contour pole figure with a MUD of 14.77.
Chondrule 3
Figure 6.11 displays a matrix region with part of an Fe clast and rim in the upper right hand
corner. Matrix grains are close-packed ranging in size from approximately 10–80 µm in diameter.
The map represents microstructure that is unaﬀected by indexing errors where variance in grey
shades correspond to quality. In Acfer 094, very good EBSD patterns were achieved on metal
grains and good patterns were achieved on forsterite grains. The phase map exhibits bcc Fe in
red and forsterite in blue. Most of the forsterite grains are single orientation except the largest
elongated grain indexed in purple and brown. This indicates the grain is polycrystalline and
possibly a chondrule fragment. Fragmented grains are further evidence for in-situ fragmentation
of grains by shock or weathering (Figure 6.11(c)).
(a) Combined BC/BSE map. (b) Phase map. (c) Orientation/All Euler map.
Figure 6.11: (a) Combined band contrast and BSE map of matrix and iron clast in Acfer 094. (b) Phase map
with blue representing forsterite and red representing iron bcc. (c) All euler map.
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6.3.3 EBSD of Chondrule Rim Metal
Figure 6.12 shows an all euler map and the corresponding pole figures for a region consisting of
both matrix metal and chondrule rim metal. The map is 150 µm wide and 100 µm in height.
Two fragments of chondrule rim metal have been indexed. The first grain has a circular shape
with a diameter of 20 µm. The second chondrule rim fragment has the same approximate width
of 20 µm, but is elongated and stretched along the chondrule rim for ∼40 µm. Like chondrule
metal, both of these chondrule rim metal fragments have a single crystal orientation.
A larger matrix metal grain is located above the chondrule and measures ∼50 µm wide and 35 µm
in height. This grain has a non-uniform crystal structure as observed by the colour variation in
the all euler map. The colours on the all euler map correspond to the colours on the pole figures.
Blue and grey areas are single orientation chondrule rim metal which are observed as defined
pin point areas on the pole figure plot. The orange/pink locations of the crystallographically
varied matrix metal are shown dispersed over a larger area of the pole figure, with no single
orientation. The contour pole figure plot shows that the MUD value of these grains is 14.9.
Figure 6.12: Left: Acfer 094 chondrule rim metal all euler map showing single orientation in chondrule rim
metal but varied crystal structure in matrix metal. Yellow lines represent misorientation line profiles. Top right:
Pole figure map. Bottom right: Contour pole figure with a MUD of 14.9.
Yellow dashed lines across the metal grains in the all euler map correspond to misorientation
angle profiles. Lines 1 and 2 as numbered in the all euler map correspond to transects through
the matrix metal grain, while Lines 3 and 4 transverse the chondrule metal rim grains. The data
is tabulated in Table 6.1.
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Line Line Width (µm) Maximum Misorientation (◦)
Matrix 1 80 2.1
Matrix 2 32 5
Chondrule 3 29 1.25
Chondrule 4 35 1.3
Table 6.1: Tabulated data for the maximum misorientation line profiles.
6.3.4 EBSD of Large Isolated Metal Grains
Isolated Metal Grain 1
Figure 6.13 shows an all euler overlaid band contrast EBSD map and pole figures for a large
isolated metal grain ∼100 µm in maximum height and width. This is an irregular and sub-
rounded metal grain. The all euler map reveals that it is largely a single crystal, apart from
some small regular (< 1 µm) dispersed grains. The single crystal, however, is homogeneously
disturbed and shows significant misorientation of up to 14 µm (Figure 6.14). The all euler map
further suggests gradational changes in some regions. The corresponding all euler and contour
pole figures have a dominant crystal pole plot with negligible random crystals dispersed in the
background and a MUD value of 35.21.
Figure 6.13: Left: Acfer 094 large isolated metal grain 1 all euler map. Dashed yellow lines indicate misori-
entation line profiles. Top right: Corresponding pole figure. Bottom right: Contour pole figure with a MUD of
35.21.
The yellow dashed horizontal and vertical lines in the all euler map represent misorientation pro-
files taken across the grain. The results of line profiles are shown in Figure 6.14. The maximum
vertical misorientation is 8.5◦ at 15 µm. The maximum horizontal line grain misorientation is
14◦ at 87 µm.
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(a) Vertical Line Profile. (b) Horizontal Line Profile.
Figure 6.14: Left: Vertical line profile with maximum misorientation measured as 8.5◦ at 15 µm. Right:
Horizontal line profile with maximum misorientation of 14◦ at 87 µm. Data in the vertical line is collected from
the top to bottom of the map and data in the horizontal line is collected from left to right.
Isolated Metal Grain 2
Figure 6.15 shows an all euler map and pole figures for two FeNi metal grains in the matrix
approximately 50 µm and 30 µm wide respectively. These metal grains have a single phase fcc
Fe structure. The larger of the grains to the left of the map has a clear division of crystal
orientation at the top quarter which is a possible twin boundary. The corresponding pole figures
for these grains are finely distributed in definite pole plots with evidence for great circles. The
contour pole plot has a MUD value of 37.38 and low degrees of misorientation.
Figure 6.15: Left: Acfer 094 large isolated metal grain 2 all euler map showing varied orientations. Dashed
yellow lines represent misorientation line profiles. Top right: Corresponding pole figure. Bottom Right: Contour
pole figure with a MUD of 37.88.
The yellow dashed lines represent the tracks of misorientation profiles taken across the grains.
Data is collected from top to bottom in the vertical line profile and left to right in the horizontal
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line profile. The vertical line profile has a maximum misorientation of 1.2◦ at 35 µm and the
horizontal line profile has a peak of 1.5◦.
(a) Vertical Line Profile. (b) Horizontal Line Profile.
Figure 6.16: (a) Vertical line profile for misorientations across matrix metal with a maximum measured of 1.2◦
at 35 µm. (b) Horizontal line profile for misorientations with a maximum peak of 1.5◦ at 59 µm.
Isolated Metal Grain 3
Figure 6.17 shows an all euler and combined band contrast map of an FeNi metal grain. A
distance of 225 µm is mapped across the grain and various regions of similar crystal orienta-
tion approximately ∼50 µm wide are observed. Regions of similar crystal orientation are in
geometrical shapes which are internally close-packed within the host grain.
Figure 6.17: Acfer 094 isolated metal grain 3 all euler and band contrast map showing internal geometric
division of similar crystal orientations. The dashed yellow line represents a misorientation line profile.
Figure 6.18 shows corresponding pole figures for the all euler map. Crystal structure is well-
defined in the pole figures and the contour plot has a MUD value of 25.49. This is supported by
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low degrees of misorientation between crystals in the grain. The 150 µm yellow line in the all
euler map represents the track of the misorientation line profile. This grain has a homogeneous
texture with a maximum crystal misorientation of 5.5◦ and an average of 1◦. Pole figures show
evidence of great circles.
Figure 6.18: Left: Misorientation line profile for Acfer 094 isolated metal grain 3. Top right: Pole figure for
all euler map showing distinct pole points. Bottom right: Contour pole figure with a MUD of 25.49.
Variation in Multiple of Uniform Density with Location
Table 6.2 shows the collated data of MUD values from EBSD maps on metal grains in Acfer
094. It is clear from the data that metals associated with chondrules have lower MUD values
than large isolated grains found throughout the matrix. The average MUD value for chondrule
associated metal is 7.16, while the average MUD value of isolated metal grains is significantly
higher at 32.7. The size of the map can sometimes determine the MUD value, so a map covering
a large area will have potentially more crystals than a map with a smaller area. Regions have
been chosen in this analysis such that individual grains are represented.
Meteorite Grain Location MUD
Acfer 094 1 Chondrule Metal 8.57
2 Chondrule Metal 6.45
1 Chondrule Rim Metal 6.47
1 Large Isolated Metal 35.21
2 Large Isolated Metal 37.38
3 Large Isolated Metal 25.49
Table 6.2: MUD value and location of metal grains in Acfer 094. Metals associated with chondrules have lower
MUD values. The average MUD is 19.9
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6.3.5 Metal Phases in Acfer 094
Phase maps can distinguish crystallographic diﬀerences between minerals which are chemically
very similar. Fe has three allotropes all diﬀering in basic crystal structure known as α-Fe (ka-
macite), γ-Fe (taenite) and δ-Fe. Body-centered cubic (bcc) crystals and face-centered cubic
(fcc) forms of Fe diﬀer in their atomic arrangement. Bcc crystals have atoms in the corners and
external faces of the basic cube while fcc atoms are in the corners and centre of the basic cube.
Kamacite and taenite diﬀer in that they occupy diﬀerent regions of the FeNi phase diagram and
therefore have varying Ni content and formation temperatures. Figure 6.19 shows seven phase
maps of chondrule and matrix metal. Blue corresponds to bcc kamacite crystal structure and
red represents fcc. All but one grain in Acfer 094 was indexed as kamacite.
(a) Chondrule BCC. (b) Chondrule BCC. (c) Chondrule BCC. (d) Chondrule BCC.
(e) Matrix FCC. (f) Matrix BCC. (g) Matrix BCC.
Figure 6.19: Top: Chondrule and chondrule rim metal displays a body-centered cubic crystal structure.
Bottom: A single grain was found to have a face-centered cubic atomic arrangement while typical matrix metal
has a body-centered cubic crystal arrangement.
The fcc grain has one of the highest MUD values (35.21) of any analysed grains. It also measures
the highest misorientation angles across it’s surface in the misorientation line profiles with a
maximum angle of 14◦.
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6.4 NanoSIMS
6.4.1 Introduction
Secondary ion mass spectroscopy (SIMS) collects ions for mass analysis of element species by
separating a beam of ions returned from the sample surface according to the mass to charge ratios
of the ionic species within. NanoSIMS has a small probe size and high collection eﬃciency allow-
ing the collation of isotopic analysis and sub-µm component element maps. Previous nanoSIMS
work on Acfer 094 has concentrated on isotopic studies of presolar silicates (Vollmer et al., 2009;
Bose et al., 2007; Stadermann et al., 2005) with results supporting the theory of Acfer 094’s
primitive nature. In this work I chose to collect element maps in order to identify patterns
in the location of sub-µm components using a Cameca nanoSIMS 50 located in the Centre for
Microscopy, Characterisation and Analysis at the University of Western Australia. The area
of Acfer 094 analysed is shown in Figure 6.20 where nine 30 µm2 regions were sputtered and
element mapped.
Figure 6.20: Acfer 094 sample for nanoSIMS analysis. Left: Coloured boxes show increased resolution of the
sampled area. Round black circles are the result of previous LA-ICPMS analyses. Right: Locations of Acfer 094
nanoSIMS maps.
NanoSIMS element mapping of Acfer 094 revealed sub-micron features and aided in constrain-
ing grain sizes. Element maps illustrate the structure of Ni-veins, the location of refractory
inclusions, the isolation of Ti and Cr hot-spots and reveals two unusual clusters of sulphide
grains. Contaminants in the matrix are described and diﬀerentiated from real features present.
Evidence for aqueous alteration in the form of carbonates and FeO are identified, and possible
silicon carbide inclusions were also found.
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6.4.2 Nickel Distribution and Weathering
Figure 6.21 illustrates the various types of Ni distributions found in Acfer 094. Ni generally
occurs as a groundmass with Fe interspersed throughout the matrix, but is also observed in
concentrated veins of width ∼2 µm. These veins are interwoven around Mg and Cr inclusions.
Interesting weathering features reveal Ni abundance variation from rim to core. A large weath-
ered vein composed of Fe and Ni is observed with a width of ∼12 µm in Figure 6.21(f). The
vein is texturally heterogeneous with higher Ni concentrations observed in the core than the rim.
A similar but isolated weathered feature in Figure 6.21(g) reveals the opposite behaviour of Ni
with higher concentrations observed on the rim than in the core. Ni is also observed to trace
cracks in the sample (Figure 6.21(d)).
(a) R=Mg, G=Ni, B=Cr. (b) R=Fe, G=Ni. (c) R=Mg, G=Ni, B=Cr. (d) R=Si, G=Ni, B=S.
(e) R=Fe, G=Na, B=Ni. (f) R=Si, G=Ni, B=S. (g) R=Si, G=Ni, B=S.
Figure 6.21: Acfer 094 Ni veins and weathering nanoSIMS maps for Mg, Ni, Cr, Fe, Si, Na and S. Ni is found
in a variety of forms and surrounds features and cracks.
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6.4.3 Calcium Aluminium Inclusions
CAIs range in size from ∼1 µm to tens of microns in diameter and are observed to occur as
individual inclusions (Figure 6.22(d)) or as fragments of what may have once been part of a larger
grain (Figure 6.22(a) and Figure 6.22(b)). Fragmented CAIs are observed to have Ca rims and
are larger than isolated CAI inclusions. Generally CAIs in Acfer 094 matrix are smooth with
sometimes looping appearances (Figure 6.22(c)).
(a) R=Al, G=Ca. (b) R=Al, G=Ca. (c) B=Al, G=Ca.
(d) R=Mg, G=Al, B=Ca. (e) R=Al, G=Ca. (f) G=Ca, B=Al.
Figure 6.22: Acfer 094 nanoSIMS maps for CAIs. Some CAIs are smooth-edged and round with interlocking
shapes suggesting they may once have been part of the same feature.
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6.4.4 Contaminants
Cl, F, C, PO2 and CN are associated with weathered features on the surface of Acfer 094 and
follow tracks of previously detected Ni abundances (Figure 6.23).
(a) R=F, G=C, B=Cl. (b) R=PO2, G=CN. (c) R=PO2, G=CN. (d) R=F, G=C, B=Cl.
Figure 6.23: Acfer 094 contaminants nanoSIMS map for F, C, Cl, PO2 and CN. N is detected by mapping for
CN−.
Chlorite is observed on the rim of the weathered Ni ring in Figure 6.23(d). N has a small
ionization yield but can be detected by searching for CN− and is observed in inclusions of ∼4
µm wide (Figure 6.23(b) and Figure 6.23(c)). A 7 µm wide C flake was observed in Figure
6.23(d) and through optical microscopy was determined to be a product of carbon-coating.
6.4.5 Sodium
Na is observed to accumulate on the edges of other features for example the Ni ring in Figure
6.24(a). Na inclusions range in size from ∼2–4 µm but mostly occurs as an even groundmass
(Figure 6.24(b)).
(a) R=Si, G=Na. (b) R=Si, G=Na. (c) R=Si, G=Na, B=Ti.
Figure 6.24: Acfer 094 nanoSIMS maps of Na. Na generally accumulates in pockets of non-silicate material
but is also detected as an evenly dispersed background material.
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6.4.6 Sulphide-rich Regions
Two sulphide-rich quadrilateral regions with areas of ∼112 µm2 (Figure 6.25(a)) and 93 µm2
(Figure 6.25(c)) were observed in Acfer 094 matrix ∼80 µm apart. These regions are composed
of rounded to sub-rounded sub-µm S inclusions which occupy gaps in a Si groundmass. Ni is
evenly dispersed around S inclusions. The majority of grains are rimmed by ∼0.1 µm of FeO
(Figure 6.25(d)).
(a) R=Si, G=Ni, B=S. (b) R=Si, G=Ni, B=S.
(c) R=Si, G=Ni, B=S. (d) R=FeO, G=Ni, B=S. (e) R=FeS, G=O.
Figure 6.25: Acfer 094 nanoSIMS maps of sulphide-rich regions showing detections for Si, Ni, FeO and S in
Area 1. Regions are distributed in clusters with internal sub-µm sized sulphur grains.
Isolated S inclusions are ∼2–4 µm and are associated with weathered features for example the
Ni ring in Figure 6.26(a) and the FeNi vein in Figure 6.26(b). These S inclusions are rounded
to sub-rounded and often display internal vesicles of < 0.1 µm in size. Most S inclusions are
randomly distributed ranging in size from sub-µm to ∼3 microns.
152
(a) R=PO2, G=S, B=O. (b) Yellow=S, B=O. (c) R=S, G=Ni, B=O. (d) R=FeO, G=S.
Figure 6.26: Acfer 094 S fields nanoSIMS maps of PO2, S, FeO and O. S grains range in size from sub-µm to
several µms in diameter and often occur as isolated features.
6.4.7 Carbonates, Phosphates and Wu¨stite
Carbonates and Phosphates
C grains are observed as randomly distributed inclusions ranging in size from sub-µm–2 µm in
Figure 6.27(a) and Figure 6.27(b). C inclusions are associated with regions rich in F and Cl in
Figure 6.27(c). C rims are observed around S grains in sulphide-rich regions in Figure 6.27(d).
(a) R=F, G=C, B=Cl. (b) G=CN, B=Cl. (c) R=F, G=C, B=Cl. (d) R=S, G=C, B=O.
Figure 6.27: Acfer 094 nanoSIMS maps of carbonates showing detections for CN, Cl, F and PO2.
PO2 is associated with weathering features and tracks regions of Ni in Figure 6.28(a) and Figure
6.28(b).
(a) G=PO2, B=O. (b) R=PO2, B=O. (c) R=PO2, B=O. (d) R=PO2, B=O.
Figure 6.28: PO2 distribution around S fields. PO2 is largely associated with weathered features.
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PO2 is observed to form a 1 µm rim around the Ni ring in Figure 6.28(c) and also occurs as
finely distributed material within the Ni ring. Sub-µm PO2 inclusions are observed between S
grains in the sulphide-rich region in Figure 6.28(d).
Wu¨stite
Wu¨stite (FeO) is observed as inclusions ranging in size from ∼sub-µm–3 µm in Figure 6.29. FeO
is associated with weathered features. It occurs in Figure 6.29(b) in clumps ranging in size from
∼1–4 µm and is observed in the FeNi vein in Figure 6.29(c).
(a) R=FeO, G=Ni, B=O. (b) R=FeO, G=Ni, B=S. (c) R=FeO, G=S, B=O.
Figure 6.29: FeO grains have smooth well-defined edges and range in size from sub-µm to several µms.
6.4.8 Chromium Hot-Spots
Cr is observed as inclusions ranging in size from ∼1–3 µm (Figure 6.30(a)). Cr generally occurs
as a groundmass in Acfer 094 matrix (Figure 6.30(d)) and is observed to occupy regions between
Mg and Ni veins (Figure 6.30(b)).
(a) G=Ni, B=Cr. (b) R=Mg, G=Ni, B=Cr. (c) R=Mg, G=Ni, B=Cr. (d) R=Mg, B=Cr.
Figure 6.30: Acfer 094 Cr hot-spots nanoSIMS maps of Mg, Ni and Cr. Cr occurs most commonly as isolated
blebs but has also been observed evenly dispersed in the matrix groundmass.
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6.4.9 Iron and Titanium
Ti occurs as isolated (Figure 6.31(a)) and clustered inclusions ranging in size from 1–3 µm. A Ti
cluster was observed in Figure 6.31(d) to occur in the same region as a CAI previously identified.
Fe occurs as a groundmass and is largely associated with Ni (Figure 6.31(c)).
(a) R=Fe, G=Ni, B=Ti (b) R=Fe, G=Ni, B=Ti. (c) R=Fe, G=Ni, B=Ti. (d) R=Fe, G=Ni, B=Ti.
Figure 6.31: Acfer 094 nanoSIMS maps of Fe, Ni and Ti. Ti occurs as hot-spot inclusions approximately 2 µm
in size. It is often associated with regions of CAIs, Ti has also been observed as a low count groundmass of FeNi
metal.
6.4.10 Silicon Carbide
Si is generally observed as a groundmass material in the matrix of Acfer 094 but is also found
to be associated with C forming SiC. SiC was observed in sulphide-rich regions to rim S grains.
C content was saturated in Figure 6.32(a) to reveal SiC inclusions in the upper region of the
map. Si and C spatially correlate (purple) as rims in the second sulphide-rich region in Figure
6.32(b).
(a) R=Si B=C. (b) R=Si B=C.
Figure 6.32: Acfer 094 nanoSIMS map showing evidence for SiC grains. Sulphide-rich regions contain SiC
inclusions which appear as rims around S grains. C content in map (a) was saturated in order to reveal SiC
inclusions which were obscured by high counts from a C flake.
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6.5 Grain-Size Analysis of Sulphur in Acfer 094
6.5.1 Introduction
NanoSIMS analysis resulted in ten S maps of seven areas in the matrix of Acfer 094. A mag-
nified region of three of these maps was separately imaged for higher grain-size resolution. The
following GSFD and CSD analysis of S grains in Acfer 094 is based on seven maps, where the
high resolution maps are preferred over context views to avoid a repetition in grain counting.
1,131 individual S grains were counted by ImageJ particle analysis from the seven digitised maps
shown in Figure 6.33.
Figure 6.33: Seven S nanoSIMS maps of Acfer 094 matrix were digitised in ImageJ allowing grain boundaries
to be identified. S grains ranged from sub-µm to several microns. Particle analysis was run to generate data for
grain circularity, ellipticity, height, width and aspect ratio.
Plots for the classic CSD diagram, CDF lognormal plot and the fractal plot of the dataset were
generated using CSDslice and CSDcorrections. The entry values for CSDcorrections are shown
in Table 6.3.
Measure Shape Ratio Shape Roundness Fabric Total Area No. of Grains
Box width 1:1:2 Rect. Prism 0.9 Massive 2,275 µm2 1,131
Table 6.3: CSDcorrections entry values for Acfer 094.
6.5.2 Results: Grain-Size Distribution
Grain Circularity and Ellipticity
S grains are highly circular with the majority plotting to the right of 0.5 in Figure 6.34(a). S
grains in Acfer 094 have an overall average value of 0.9. The average ellipticity lies at 60.2◦.
Figure 6.34(b) shows the highest peak lies between 0◦–10◦ with smaller peaks visible between
40◦–50◦, 80◦–90◦ and 130◦–140◦.
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(a) Grain Circularity (b) Grain Ellipticity
Figure 6.34: (a) Circularity frequency of S grains in Acfer 094. The majority of grains are rounded to sub-
rounded with a high average circularity of 0.9. (b) Ellipticity frequency of S grains in Acfer 094. The majority
of grains have elliptical angles between 0◦–10◦ but several other peaks are observed at 40◦–50◦, 80◦–90◦ and
130◦–140◦.
A linear relationship is observed when grain height is plotted against grain width. A fitted
trendline results in a slope of 0.9, intercept of 0.03 and R2 value of 0.76. The average width is
0.36 µm and the average height is 0.35 µm.
Grain Aspect Ratio
The average aspect ratio (X/Z) is 1.6. The majority of grains have an aspect ratio of 1–2 as
shown in Figure 6.35(a). It is clear that there is a consistent base value of ∼1–3 which persists
among all size classes in Figure 6.35(b). Anomalous points lie at short grain widths (∼0.1 µm)
with further minor deviation observed at widths of ∼2.3–2.6 µm.
(a) Aspect Ratio Frequency. (b) Aspect Ratio vs. Width.
Figure 6.35: (a) Aspect ratio (X/Z) frequency of S grains in Acfer 094. The average aspect ratio is 1.6. (b)
Aspect ratio vs. width of S grains in Acfer 094. There is a consistent base value for the aspect ratio between ∼1
and 3 µm.
S grains in Acfer 094 have an a/b aspect ratio of 1.11. The RMS ((a2 + b2)0.5) of S grains in
Acfer 094 is 0.51. Larger datasets would reduce this value since there would be less variation
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between grain sizes. Average grain size values for S grains in Acfer 094 are shown in Table 6.4.
Count Circularity Ellipticity Height Width Perimeter Area X/Z a/b RMS
1,131 0.9 60.2◦ 0.35 µm 0.36 µm 1.2 µm 0.16 µm2 1.6 1.11 0.51
Table 6.4: Shape measurement data for Acfer 094. Units for height, width, perimeter and RMS are in µm.
Units for area are in µm2.
6.5.3 Results: Crystal Size Distribution
The classic CSD plot of S grains in Acfer 094 shown in Figure 6.36(a) demonstrates a concave-up
profile. At smaller grain sizes the population density rapidly declines with steep initial slopes
until ∼1 µm. The CSD is strongly curved on this semi-logarithmic plot throughout the measured
range of crystals. There is a slight bend in the curve between 1 and 1.7 µm.
S grains in Acfer 094 reveal a continuous or non-bimodal distribution function in Figure 6.36(b).
The majority of data lies above the positive y-axis which is intercepted at ∼y = 1.5. The plot
is upwardly curved from x = -1.2–0 and linear from ∼x = 0–1.5. Almost the entire curve lies
above the median size (0.38 µm where ln (0.38) = -0.97).
All of the fractal data resides on the negative y-axis and follows a concave-down profile spanning
across negative and positive values of the x-axis (Figure 6.36(c)). Two distinct slopes are observed
with a turning point at x = 0.6. The highest slope is measured from x=0.6–2.2 and therefore
has a higher fractal dimension.
(a) CSD. (b) Lognormal. (c) Fractal.
Figure 6.36: (a) Classic CSD plot for S grains in Acfer 094 (n = 1131). The CSD is strongly curved throughout
the measured range of crystals. (b) Lognormal distribution plot for S grains in Acfer 094 (n = 1131). The plot
has a turning point at x = 0 with the right hand side of the plot showing linear lognormal behaviour. The data
above the x-axis results from the majority of S grains measured residing in the lowest side frequency bin. (c)
Fractal diagram for S grains in Acfer 094 (n = 1131). The population of S grains has double slopes suggesting
fractal behaviour with a turning point at x = 0.6.
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6.6 Discussion
Understanding the evolution of solid matter in the early solar system is reliant on a detailed
knowledge of the alteration sequence of minerals. Carbonaceous chondrites consist of minerals
which have been altered either in the meteorite parent body or before accretion by aqueous
processes (Bischoﬀ, 1998). In this discussion I will use the results found in this chapter to
examine the eﬀect of aqueous alteration and the origin of amorphous material in Acfer 094.
EBSD and TEM results show evidence of the pristine nature of FeNi metal and allude to pre-
terrestrial alteration. NanoSIMS and GSFD analyses illustrate the primitive nature of Acfer
094’s matrix material by revealing distinct sulphide-rich regions which are comparable to pristine
interplanetary dust particles.
6.6.1 Aqueous Alteration and the Origin of Amorphous Material
TEM analyses revealed a lack of coarse-grained phyllosilicates in Acfer 094 which is an indica-
tion of a limited degree of alteration (Chizmadia and Brearley, 2008). Relatively large and well
ordered phyllosilicates are formed through a thermally-driven process called Ostwald ripening.
Ostwald ripening is heightened by the presence of an aqueous fluid. It is possible that coarsen-
ing of nanocrystalline phyllosilicates was limited in Acfer 094 due to a lack of thermally driven
growth resulting in an abundance of amorphous material.
Nakamura-Messenger et al. (2010) conducted annealing studies in the matrix of Acfer 094 and
deduced that the parent body experienced low-temperature (∼160◦C) alteration in weakly al-
kaline fluid based on the incomplete hydration of amorphous silicates. Hydration of the silicate
matrix is supported by an O excess in matrix grains above that required for stoichiometry. On-
going experiments have shown that amorphous material exposed to temperatures of ∼450◦C
is not annealed, and crystalline material does not experience any further nucleation growth
(Nakamura-Messenger et al., 2010).
Amorphous material occurs in the matrix of Acfer 094 as regions ∼0.5 µm in diameter with
inclusions of Fe-sulphides and FeNi metal grains. Amorphous phases in the matrix of Acfer 094
is either primary (unaltered) or secondary (altered primary) material. Evidence for both cases
are considered based on the results found in this study.
1. Firstly I consider the possibility of amorphous material being the product of the advanced
alteration of primary nebular materials. Material in Acfer 094 is set in an amorphous phyllosili-
cate/nanocrystalline groundmass. Following alteration of the primary material, these nanocrys-
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tals may have formed due to some local recrystallisation. Previous work on CM chondrites has
determined that the precursors of matrices and fine-grained rims (FGR) consisted of crystalline
materials such as olivine, pyroxene, metals and sulphides (McSween, Jr. and Richardson, 1977;
Tomeoka and Buseck, 1985; Scott et al., 1988). Absences of these phases in the matrix is at-
tributed to complete alteration of primary crystalline material. FGR and matrix material in the
CM2 carbonaceous chondrite Y-791198 share very similar compositions and textures (Barber,
1981b; Brearley, 1993; Greshake, 1997), and it is possible that matrix material is actually fine-
grained material which has not accreted onto chondrules to form rims. Howard (2006) reports
that the crystalline phase mineralogy and morphology of fine-grained rim material in Acfer 094 is
very similar to matrix material, but perhaps exhibits a smaller average grain-size and reduction
in the abundance of crystalline material. Phase abundances in a FGR of Acfer 094 are 88.1 %
olivine and 11.9 % pyroxene (Howard, 2006).
Jones and Brearley (2006) conducted aqueous alteration experiments on the CV3 Allende and
determined that fine-grained FeO-rich olivine alters to an amorphous silicate-rich material with
internal complex amorphous Fe-oxide structures. Acfer 094 does not contain an abundance of
very fine-grained Fe-oxides, but some have been observed in weathered FeNi metal veins through
nanoSIMS analysis. Similar veins filled with FeO-rich terrestrial alteration products were previ-
ously reported in Acfer 094 by Newton et al. (1995). Unlike the previous Ni veins, this vein has
rough and jagged edges. Howard (2006) reports that magnetite is extremely rare in the matrix
of Acfer 094. Wu¨stite (Fe3O4) was observed in nanoSIMS analysis. Magnetite is converted to
wu¨stite as the redox state of a meteorite is further reduced by converting Fe3+ ions to Fe2+.
The presence of Fe3O4 in Acfer 094 supports the possibility of olivine as a major component of
matrix prior to aqueous alteration. The idea that Acfer 094 matrix was once entirely crystalline
lends to the expectation of observing a pseudomorphic replacement of crystals, either complete
or fractional. Overall, the matrix of Acfer 094 is homogeneous and it is possible that olivine
alteration could produce such a texture.
Chizmadia and Brearley (2008) propose that prior to aqueous alteration, rims in CM Y-791198
were composed predominantly of an amorphous material, rather than primary crystals. This
amorphous material was a major component of accreting nebular dust, although rims also display
some primary crystalline silicate phases (olivines). In Acfer 094, low-iron manganese-enriched
(LIME) olivine grains have been observed (Greshake, 1997) and are strong evidence of a surviv-
ing crystalline component of nebular dust. LIME olivine condenses at ∼1000◦C from the nebula
with a tephroite (Mn2SiO4) component (Klock et al., 1989). EBSD phase analyses revealed the
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presence of forsterite in large grains ∼20–100 µm. Forsterite is also representative of surviving
nebular condensates (Nuth, III. et al., 2005).
My TEM results of Acfer 094 show that the presence of olivines are rare with just a single ∼1.5
µm wide grain observed showing no surface defect or evidence of alteration. High Fe contents of
some olivines suggest these should be one of the earliest minerals to alter. The lack of alteration
is possibly due to the mixing of these olivine grains with hydrated materials before accretion
into the matrix (Metzler et al., 1992).
2. The second possibility for the formation of amorphous material is that it represents primary
(i.e. nebular) material that has undergone varying degrees of hydration during aqueous alteration
but retains some evidence of nebular processes. Previous TEM studies of Acfer 094 show that
the matrix is composed of a highly unequilibrated assemblage of abundant amorphous materials
(Greshake, 1997) with a smaller abundance of crystalline material. CR chondrites such as Acfer
209 have matrices with weak evidence of alteration and are dominated by an amorphous silicate
material with a groundmass of Fe and FeNi nanoparticles. Thus amorphous material is a major
component of primitive meteorites, is highly metastable and even at low temperatures is expected
to recrystalllise into phyllosilicates when exposed to aqueous fluid (Chizmadia and Nuth, 2006).
Acfer 094’s high abundance of amorphous material indicates that the meteorite was exposed to
a limited amount of alteration at low temperatures for short periods. Nanocrystalline serpentine
grains which were found in TEM analyses may be pre-terrestrial evidence for localised asteroidal
aqueous alteration.
6.6.2 The Pristine Nature of FeNi Metal
My EBSD results have shown that chondrule metal grains and chondrule rim metal in Acfer
094 have homogenous crystal orientations, with less than 2◦ misorientations. Chondrule metal
and chondrule rim metal have an average multiple of uniform density of 7.16. Isolated metal
grains in the matrix have an average multiple of uniform density of 32.7. Isolated metal grains
have much stronger crystal structure patterns than chondrule metal. This suggests that matrix
metal has not been altered to the same extent that chondrule-associated metal has been and
is more pristine in nature. It suggests that large isolated grains are not metal from chondrules
inherited by fragments, or they have experienced later events that the chondrules have not. It is
possible that large (> 10 µm) matrix metal grains may have been expelled from chondrules while
the chondrule was molten. It is proposed that chondrules spin during formation (Tsuchiyama
et al., 2000), and denser phases migrate to the edge/rim and get ejected. Larger grains, which
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are matrix grains in the sense that they are present in the matrix, may not have originated in
chondrules i.e. they may not be primary matrix grains.
Gradual change in misorientation of an isolated grain with the highest recorded crystal mis-
orientation suggests deformation, and discontinuous changes in orientations may represent the
early stages of formation of sub-grain boundaries through defect migration. Phase maps of this
grain revealed it is composed of a bcc crystal structure unlike all other measured grains which
exhibited fcc structures. This may reflect small taenite exsolution where an initially homoge-
neous solid solution separates into at least two diﬀerent crystalline minerals without adding or
removing any material. Taenite (fcc) exists at 1394◦C and converts to kamacite (bcc) when
cooled to 912◦C. It is possible that this grain has been subjected to a heating event resulting in
deformation leading to high crystal misorientation. Subsequent cooling may have converted it’s
internal crystal atomic arrangement from fcc to bcc by cooling below the temperature of mutual
solubility of kamacite and taenite. Great circles on pole figures may be due to deformation,
followed by breaking into grains by sub-grain boundary formation.
I observed FeNi metal adjacent to primitive hydrated material in Acfer 094’s matrix. This was
postulated as evidence of pre-accretionary alteration where altered and unaltered material mixed
together in the nebula prior to accretion (Metzler et al., 1992). Since these sub-µm to µm grains
are especially susceptible to alteration by an aqueous fluid, it is thought that they experienced
no further alteration on the asteroid parent body. This theory relies on the fact that FeNi metal
grains are pristine. However, Chizmadia and Brearley (2008) found FeNi metal grains in the CM2
carbonaceous chondrite Y-791198 with irregular edges and a morphology consistent with pitting
corrosion. Pitting corrosion produces cavities at localised and distinct points (Schweitzer, 2003).
I found the same cavities on the edges and rims of metal grains in Acfer 094 which displayed
sub-µm embayments. Element mapping revealed that these embayments and irregular edges
were enriched in O and Ni, and depleted in Fe. It is possible that this distribution of elements is
due to a TEM artifact producing an internal raised region of material within the grain. However
O enrichment associated with embayments has been well documented in materials science where
it is suggested that the likely existence of Fe(OH)2 at the grain edges is evidence of metal contact
with an aqueous fluid (Xia and Chou, 1989; Hilme, 1993; Dillon, 1994).
Terrestrial and Pre-Terrestrial Alteration of FeNi Metal
Metal grain alteration may have occurred on the parent asteroid, on entry into the Earth’s at-
mosphere, on being exposed to the Earth’s atmosphere, or over time in a lab. Acfer 094 was
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found in Algeria and was therefore not subject to Antarctic weathering which results in hetero-
geneous degrees of alteration (Lee and Bland, 2004), but was exposed to much more extensive
terrestrial alteration. However, metal grains can still survive. Pre- and post-terrestrial alteration
are materially diﬀerent. In the first case, every sub-micron grain should accrete with a rind of
ice - so water permeates pore space, and is potentially in contact with every matrix grain. In
terrestrial alteration, water can only penetrate by gradually brecciating the rock producing a
vein-type structure. This results in some areas bordering veins which have been exposed to
a lot of alteration, while areas further away have experienced none. Acfer 094 has a low per-
meability, so the movement of water through the rock is diﬃcult. Metal grains in Acfer 094
are not extensively altered with only minor oxidation observed on their rims. If the sample had
been exposed to a fluid we would expect complete oxidation for metal with such a small grain size.
Atmospheric alteration is a possible factor for the O-rich embayments observed on metal grain
rims. Nanocrystalline wu¨stite (FeO) is an oxidation product of FeNi metal and is observed in
TEM results of Acfer 094 on the rims of metal grains. Wu¨stite is also observed in nanoSIMS
analyses maps of Acfer 094 around the edges of individual grains of sulphide clusters and across
the surface of larger FeNi veins. Chlorite was observed on the rim of a weathered FeNi grain
and indicates high-temperature alteration.
It is also unlikely that any alteration occurred during sample preparation since each of the three
TEM sections of Acfer 094 were prepared at separate locations, and by two diﬀerent extraction
methods (ex-situ and in-situ extraction). Thus considering the similar degrees of alteration to
metal grains in all three TEM samples it is highly improbable that sample preparation had any
aﬀect on the extent of alteration to fine-grained material. Consequently, it seems likely that
mild terrestrial alteration eﬀected larger (> 5 µm) FeNi metal grains, but any alteration result-
ing in the oxidation of corrosion pits on the rims of sub-µm FeNi metal grains was a result of
pre-terrestrial alteration. This conclusion was also reached by (Chizmadia and Brearley, 2008)
for embayments found in Y-791198.
The location of where aqueous alteration really occurred does not change the fact that tiny metal
grains in Acfer 094 display a weak degree of alteration which would be immediately oxidised in
the presence of an aqueous fluid. Much evidence has been collected supporting the theory that
CM chondrites experienced aqueous alteration in the form of water interaction on the CM par-
ent body (Brearley and Chizmadia, 2005; Brearley, 2006), despite the contradictory evidence of
weakly altered sub-µm metal grains (Chizmadia and Brearley, 2008). For both of these theories
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to hold, sub-µm FeNi metal grains must have been protected from the alteration occurring on
the asteroidal parent body. Chizmadia and Brearley (2008) proposed that wherever alteration
occurred on the parent body, metal grain alteration was inhibited by local geochemical environ-
ments. Due to the similar nature of FeNi metal grains in Acfer 094, and it’s close aﬃnity to
CM chondrites, I will discuss the applicability of this favourable environment to metal grains in
Acfer 094.
The possibility of a protecting layer over metal grains in Acfer 094 is supported by TEM results
which show an oxidising layer of material over the surface of metal grains. Previous computer
simulations of CM-like materials indicate that aqueous fluid becomes alkaline almost immedi-
ately upon contact with rock (Zolensky, 1984; Bourcier and Zolensky, 1991). Alkaline fluids
inhibit the corrosion of Fe metal Stumm and Morgan (1981). An impermeable film of Fe(OH)2
forms over altering metal grains and inhibits further alteration. TEM results of Acfer 094 reveal
evidence which support the existence of such a film. Low z-contrast embayments on the rims
of metal grains are highly oxidised and are probably remnants of such protective films. TEM
results also reveal that much of the matrix material in Acfer 094 is composed of an amorphous
silicate-rich material. This material would be highly susceptible to aqueous alteration and aid
in the rapid formation of a Fe(OH)2 corrosion inhibiting layer.
TEM and nanoSIMS element maps of Acfer 094 metal grains revealed the presence of Cr and Ni
which can reduce the chemical reactivity of Fe metal when exposed to water. Cr was detected in
the metal grain mapped by TEM and is known to significantly increase the corrosion resistance
of Fe metal. Resistance is also dependent on the Ni content. Although all of the metal in TEM
analyses of Acfer 094 is identified as kamacite (Ni content ranging from 5–10 %) maps reveal
that there is notable Ni enrichment on the rims of metal grains. The corrosion resistance of Fe
metal is significantly increased by a Ni abundance increase of just 2 wt% (Kritzer and Dinjus,
1998). Acfer 094’s Ni increase along the rims is possible trace evidence of a Ni(OH)2 film. Other
geochemical corrosion inhibitors include carbonates which were found by nanoSIMS analysis in
Acfer 094 matrix. Thus it is quite plausible that sub-µm metal grains survived parent body
aqueous alteration.
According to Bischoﬀ (1998) phyllosilicates in carbonaceous chondrites were formed by aqueous
alteration. The time and environment of their formation is still under debate but aqueous alter-
ation is likely to have occurred in the early solar nebula and/or in the meteorite parent body.
Varying Li distributions between phyllosilicates found in the matrix and those found in CAIs
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in carbonaceous chondrite Cold Bokkeveld suggest that the phases formed in diﬀerent environ-
ments (Schirmeyer et al., 1997). Numerical models for asteroidal aqueous alteration have always
shown large-scale water transport. This is inconsistent with oxygen isotopic and petrologic data
from meteorites with unfractionated soluble elements. Aqueous species will fractionate when in
contact with liquid water - whether the flow is a single pass (Young et al., 1999) or via convecting
cells (Grimm and McSween, 1989). The paradox was resolved by Bland et al. (2009) by use of
nuclear magnetic resonance cryoporometry on the most abundant component of Acfer 094 - the
matrix. Free flowing liquid in the parent asteroid is restricted by large numbers of small pores.
Acfer 094’s high porosity does not equate to a high permeability. TEM results show that irreg-
ular porosity is present as vein-like features. If they are not an artifact of sample preparation
they might indicate shrinkage. Shrinkage porosity is observed as angular holes generally with a
dendritic internal structure. It is the most common form of porosity generally found on large
surface areas and takes place due to non-uniform solidification of material which tries to tear
itself apart as it solidifies.
6.6.3 Sulphides in Acfer 094
Sulphide-rich regions - a relation of interplanetary dust particles?
Similar sulphide rich regions to those observed in nanoSIMS analyses have been found before
in the chondritic porous (CP) interplanetary dust particle (IDP) from comet Wild 2 sample
W7190C28 (Sekigawa and Keller, 2010). Figure 6.38 compares a sulphide-rich region in Acfer
094 to a bright field view and S element map of the sulphide-rich region in ICP W7190C28.
Both sulphide regions have a similar shape and distribution.
(a) W7190C28 Bright Field View (b) W7190C28 X-ray S map. (c) Acfer 094 Si,Ni,S.
Figure 6.37: (a) A comparison of a bright field view and (b) S X-ray map of IDP W7190C28 from Sekigawa
and Keller (2010) to (c) Acfer 094’s sulphide rich region shown in nanoSIMS.
Interplanetary dust particles, like carbonaceous chondrites, are chemically and mineralogically
primitive. They are divided into the hydrous chondritic porous (CP) particles and anhydrous
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chondritic smooth (CS) particles. Sekigawa and Keller (2010) observed sulphide grains in
W7190C28 to be Ni-poor (< 5 at.%) when compared to those in Acfer 094 (∼20 at.%). S
grains in this CP are larger and more abundant than those in other IDPs analysed. Sekigawa
and Keller (2010) attributes this to annealing and growth prior to accretion in the solar nebula.
Similar trends exist between Acfer 094 matrix sulphides and hydrous CP IDPs, both of which
are thought to have an origin in the early nebula (Zolensky and Thomas, 1995).
Acfer 094 contains 28.7 ± 6.3 ppm of silicon carbide (SiC) (Newton et al., 1995): the highest
amount ever found in a meteoritic sample. The abundance of SiC and diamond (abundance
second only to Orgueil (Gao et al., 1996)) indicating little thermal or aqueous alteration. SiC
was searched for in this sample by combining nanoSIMS maps for Si and C. It was observed
that SiC grains were interspersed between S grains in sulphide-rich regions. It is possible that
SiC is a result of the sample preparation process and it’s presence in sulphide regions reflects a
preference of chemical association. However, since SiC has been detected in Acfer 094 before it
is plausible that Acfer 094 SiC is original sample material suggesting that sulphide-rich regions
are extremely primitive and unaltered. S grains in IDP W7190C28 are smaller than those found
in Acfer 094. This was shown by Sekigawa and Keller (2010) and confirmed in a GSFD in this
study. The plot in Figure 6.38 shows the GSFD for S grains in Figure 6.37(c), with a count of
211. The average grain size is 0.31 µm. Both Acfer 094 plots show a lognormal distribution, but
there is an order of magnitude size diﬀerence; maximum peak at ∼10 nm in Figure 6.38(a) and
∼0.1 µm in Figure 6.38.
(a) W7190C28 S GSFD. (b) Acfer 094 Map 65 S GSFD.
Figure 6.38: (a): GSFD of IDP W7190C28 from Sekigawa and Keller (2010). (b) GSFD of Acfer 094 S grains.
S grains in IDP W7190C28 are smaller than those found in Acfer 094.
Similarities of size, abundance and morphology between sulphide grains found in ALHA81002
and Y-791198 and IDPs led (Chizmadia and Brearley, 2008) to conclude that these sulphide
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grains are a primary phase which experienced advanced aqueous alteration. The sulphides in
Acfer 094 bear similar chemistry and location and therefore have experienced similar aqueous
alteration. A GSFD study of all sulphide grains in Acfer 094 finds the average sulphide grain-
size (from a count of 1131) to be 0.38 µm which falls outside and above the 0.1-0.2 µm range
calculated from TEM studies (Greshake, 1997). Greshake (1997) describes the sulphide grains
as being ‘perfectly crystalline rounded grains’. The circularity of grains was found to be 0.9 in
this study, most likely due to the greater amount of larger grains > 1 µm counted. However
nanoSIMS element maps of sub-µm sulphide-rich regions reveals grains to exhibit a fragmented
and irregular shape which may be characteristic of smaller sulphides.
6.6.4 Sulphur and Carbon Rims
Carbonaceous chondrites are well known to contain a range of C-bearing phases from the in-
organic carbide and graphite to highly complex organic materials. Each phase originated in
a unique cosmo-chemical environment with varying levels of current understanding regarding
their formation. Acfer 094 is composed of C concentrations of 0.48 wt% (Alexander et al., 2007)
similar in concentrations to CR chondrites. Least understood is the complex insoluble organic
material (IOM) which is present in the abundant amorphous material in the matrix of Acfer
094, although the exact abundance of IOM is unknown. The IOM in Acfer 094 has been found
to be heavily weathered with modified hydrogen and nitrogen isotopic compositions (Alexander
et al., 2007).
EFTEM imaging and STEM EELS spectral imaging by Brearley (2008) revealed distinct, ir-
regular and essentially pure C grains embedded in the amorphous silicate matrix. Some grains
revealed the initial stages of graphitisation while other rare grains with an enriched core-rim
structure were found with FeC cores and FeO rims similar to those observed in CM and CR
chondrites (Brearley, 2002, 2004). Brearley (2008) reports C associated as rims around sulphide
and carbide grains as rare or absent in Acfer 094, despite being a common feature of CM chon-
drites. However, nanoSIMS results in this study of Acfer 094 matrix reveals the presence of FeO
and C rims around smooth but irregular-shaped sub-µm sulphide grains, consistent with the
CM chondrite group. Carbon is also found on the rims of these sub-µm grains, but is found as
larger (> 1 µm) isolated grains around FeNi veins.
(Brearley, 2008) determined that amorphous C in Acfer 094 is refractory lacking in N, S and O, as
was the case for ALH77307 (Alexander et al., 2007). This suggests these grains have undergone
considerable processing. Evidence for thermal processing is supported by the presence of mild
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grain graphitisation. Thermal processing is likely to have been pre-accretionary in the nebula
and matrix dust may be a product of chondrule formation where high temperature evaporation
and condensation were prevalent (Brearley, 1993). (Brearley, 2008) suggests some C-bearing
dust was later processed having escaped evaporation. NanoSIMS maps of an FeNi vein revealed
a PO2 grain surrounded by a S rim. It is likely that the S rim formed before the internal FeO
since only crystallisation is necessary for sulphide growth and not redox reactions (de Leuw
et al., 2008). A weathered Ni grain was observed in the matrix of Acfer 094 in this study which
also displays a partial S rim encasing the high Ni content within. S rims have been reported
around calcites in CM chondrite Y 791198 and compared in appearance to feathery rims in CM
QUE 93005 in carbonaceous chondrites (de Leuw et al., 2008). Although sulphide rims around
carbonate phases have been reported and their origin suggested as aqueous alteration reactions
on the parent body, here the inverse relationship is true for the sulphide-rich region of Acfer 094.
In this case, carbonate rims surround sulphide blebs.
6.6.5 Evidence for Condensation of CAIs in Acfer 094
Many high temperature condensation products such as the CAIs detected in TEM and nanoSIMS
analysis in Acfer 094 have experienced complex histories of alteration. The CAI abundance cal-
culation of < 2 area% (Weber, 1995) was confirmed and refined (Hezel et al., 2008) to a value
of 1.12 area% based on measurements of the 22 mm2 sample used in this thesis. The size distri-
bution of CAIs in this sample of Acfer 094 approximates a log-normal size distribution (Hezel
et al., 2008). A more recent clast size and abundance study using X-ray image analysis tech-
niques on a 10.5 mm2 section of Acfer 094 has found that CAIs account for 2.8 vol% (Konrad
et al., 2010). However, these previous analyses were based on SEM X-ray imaging which can
only resolve grains of ∼10-100 µm. TEM and nanoSIMS data used in this study is of a much
higher resolution allowing smaller micron and sub-micron CAIs to be observed similar to those
found previously by Bland et al. (2007).
Acfer 094’s CAIs have a petrography and mineralogy close to that of CR and CO chondrites but
are mineralogically distinct from CV, CM and CH chondrites (Weber, 1995). Type-A CAIs are
the most commonly found in Acfer 094. Previous studies have shown that CAI’s in Acfer 094
vary in the size range of 40–500 µm, but static and nanoSIMS results in this thesis show CAIs
are found on a sub-µm scale with the majority observed to be ∼3–4 µm. A more recent study
(Simon and Grossman, 2009) of 291 CAIs and 22 AOAs had similar findings with melilite-rich
inclusions accounting for most CAIs in Acfer 094. Simon and Grossman (2009) conclude that
the shape of Acfer 094 CAIs cannot be used as a means of determining origin due to the lack
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of whole unaltered CAI inclusions (many have been fragmented, are very small or have rims).
NanoSIMS results reveal an abundance of CAI-rich areas with inclusions just a few microns
across. Ca appears to generally favour a position on the outside rim of the CAIs. It is likely
that these CAIs are melilite- and/or spinel-rich inclusions with an outer rim of Ca-pyroxene as
described by Weber (1995).
Krot et al. (2004) concluded that the CAIs in Acfer 094 were consistent with a gas-solid con-
densation origin. This is disputed by Simon and Grossman (2009) who theorise that there are
equal numbers of CAIs which are ‘fluﬀy’ and therefore most likely never molten, and those with
textures alluding to crystallisation from a liquid. The possibility remains of a round smooth
CAI inclusion being a condensate, and an irregularly-shaped inclusion being igneous. Most of
the CAIs found in TEM and nanoSIMS analysis were smooth and round to sub-round indicat-
ing a condensate. Clusters of CAIs which span a size range of sub-µm to several µms appear
very diﬀerent to the isolated CAI found with a looping morphology. This contrasting behaviour
suggests that not all CAIs formed at the same time, temperature or location and therefore are
not the result of a single event.
6.6.6 Errors, Contaminants and Misindexing
In any experiment there is error and when dealing with primitive specimens it is vital to take into
consideration possible external factors. Acfer 094 was found in the Sahara Desert; a nine million
square kilometre region of extreme diurnal temperature variation (Ash and Pillinger, 1995) in
North Africa. Air temperatures have been recorded ranging from 57◦C to -7◦C (Cooke and War-
ren, 1973), while surface sand can reach +83◦C during the day and hit sub-zero temperatures
during the night (Petrov, 1976). Bischoﬀ and Geiger (1995) classify Acfer 094 as a weathering
stage W2 defined as having a moderately weathered bulk with some metals partly oxidised,
but most preserved and displaying abundant oxide veins. Oxide veins were found by nanoSIMS
analysis by mapping for Fe, Ni and O. These veins can be seen in the majority of areas mapped.
Weathering can be very misleading for analysis. F and Cl are halogens which form preferentially
negative secondary ions and are ubiquitous in our environment. Therefore they are common
contaminants on sample surfaces and are often associated with Na in nanoSIMS analysis, as was
found in this study. F is mono-isotopic at 19F while Cl has two stable isotopes (35Cl/37Cl). Cl as
a contaminant is often associated with bromine. Br was not searched for due to limited detector
availability. Chlorite was detected in this analysis of Acfer 094 and has been noted before in
matrix and chondrules as a product of weathering in the CV3 carbonaceous chondrite Grosnaja
(Keller and McKay, 1993) - against the trend of smectite as the dominant phyllosilicate weath-
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ering product in other CVs (Keller and Thomas, 1991). Its occurrence is noted as an indication
of a thermal event causing high-temperature alteration which equilibrated olivines in the matrix.
Other errors are inherent in measuring techniques. Metal mis-indexing is a common occurence
in EBSD analysis. Body-centered cubic has eight corner points and one in the centre (9 total),
so contributes two lattice points per unit cell. Fcc or face-centred cubic has the eight lattice
points at it’s corners and a lattice point on the face of the cube (14 total) therefore contributing
four atoms per unit cell. EBSD can diﬀerentiate bcc and fcc structures to a degree but often
identifies excess fcc.
6.7 Conclusions
SEM and TEM analyses of Acfer 094 have shown that amorphous material is a major compo-
nent in primitive meteorites. Amorphous material is highly metastable and suggests that Acfer
094 was exposed to a limited amount of alteration at low temperatures for short periods. The
majority of amorphous material is likely to be unaltered primary rather than secondary (altered
primary) material.
EBSD has shown that isolated metal grains have stronger crystal structures than chondrule
metal suggesting large matrix grains did not originate from chondrules, but were separately in-
corporated into the matrix.
Evidence for pre-accretionary alteration was observed by the presence of FeNi metal adjacent to
primitive hydrated material in Acfer 094. TEM images and element maps revealed that pitting
corrosion produced cavities on the edges of of FeNi grains. This created embayments enriched in
O and depleted in Fe indicating that metal was in contact with an aqueous fluid. Mild terrestrial
alteration eﬀected larger (> 5 µm) FeNi metal grains in Acfer 094 matrix, but pre-terrestrial
alteration produced the oxidised corrosion pits on the rims of metal grains. TEM element map-
ping revealed the presence of Cr and Ni which are believed to resist corrosion when in contact
with Fe metal and therefore acted as a protecting layer for sub-µm metal grains which survived
parent body alteration.
SiC was observed in Acfer 094 in sulphide-rich regions similar to material observed in the hy-
drous chondritic porous (CP) IDP W7190C28. GSFD analyses of Acfer 094 sulphides produced
a lognormal distribution comparable to an analysis of the CP IDP grain. The large size of S
grains in both samples is attributed to annealing and growth prior to accretion. These materials
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bear similar chemistry and distribution which suggest a likely origin in the early nebula.
CAIs ranging from sub-µm to micron size were observed in SEM, TEM and nanoSIMS analysis
of Acfer 094. The observance of sub-µm CAIs alters previous reports on modal abundance of
CAIs which were based on datasets from SEM images with a limited resolution when compared
to TEM and nanoSIMS imaging. The variety of size, shape and location suggest that not all
CAIs formed at the same time, temperature or location, and are not the result of a single event.
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Chapter 7
Conclusions and Suggestions for
Further Work
7.1 Discussion and Conclusions
The aim of this thesis was to investigate the primitive nature of meteoritic components with
a focus on FeNi metal in the carbonaceous chondrite CR clan (CH, CB and CR) and to char-
acterise the components of the ungrouped carbonaceous chondrite Acfer 094. The formation
and search for a possible common parent body of the CB group of meteorites was focused on
using chemical, crystallographic and grain-size frequency studies. The primitive nature of Acfer
094 was investigated with TEM and NanoSIMS instruments for evidence of aqueous alteration,
which has previously thought to have been negligible.
7.1.1 The Origin of CB Chondrite Metal
The CR chondrite clan encompasses the CR, CB and CH chondrites since their mineral compo-
sitions as well as O and N isotopic compositions are consistent with derivation from a common
nebular reservoir (Weisberg et al., 1990, 2001). The close relationship between CH and CB
chondrites is supported by the bridging-group sample of Isheyevo which displays characteristics
of both types (Krot et al., 2007). Gujba, Bencubbin and HaH 237 are all members of the CB
carbonaceous chondrite meteorite family. Further subdivisions have placed Gujba and Bencub-
bin into the CBa group and HaH 237 into the CBb group based on petrologic characteristics and
textural diﬀerences such as grain-size (Weisberg et al., 2001).
The GSFD results have shown that similar circularity frequency plots and a strong common
mode in the aspect ratio (∼0.5–1.5) of all three CB chondrites suggests a common degree of
flattening. Substantial evidence for common mechanical deformation was observed in the agree-
ment of elliptical angle frequency plots which illustrates the extent to which grains have been
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flattened. The CSD results revealed that CBa chondrites Gujba and Bencubbin metal grains
display fractal behaviour in contrast to CBb sample HaH 237 which is lognormal. Lognormal
plots indicate size-sorting, condensation or Ostwald ripening. Ostwald ripening is unlikely due to
the detection of martensite suggesting condensation is the most applicable interpretation of this
lognormal plot. Trace element compositions of metal grains in CBa and CBb chondrites agree
with this CSD result; CBa trace element compositions suggest metal grains have condensed from
a dense metal-rich gas such as would be generated by a proto-planetary impact, and trace ele-
ment compositions of metal in CBb chondrites are consistent with condensation under nebular
conditions (Campbell et al., 2002). Thus a lognormal plot appears to be indicative of nebular
condensation and a fractal plot of impact plume condensation. However, high pressure miner-
als have been found in Gujba which do not support an impact plume scenario (Weisberg and
Kimura, 2010). These minerals may have incorporated later into the meteorite.
Chemical analysis in this thesis and other works have shown that Bencubbin, HaH 237 and Gu-
jba all contain melt areas between metal and silicate chondrules. Melt has been interpreted as
the result of the CB parent body experiencing a major impact event (Newsom and Drake, 1979;
Weisberg et al., 1990) which led to brecciation, melting and plastic deformation (Weisberg and
Kimura, 2010). Pb-isotopic ages for metal grains in Gujba and HaH 237 have been interpreted
as evidence that CBa and CBb chondrites formed during the same event.
There are distinct diﬀerences between the average FeNi metal grain EBSD MUD values of diﬀer-
ent meteorite group types. CBs have an average FeNi metal grain MUD value of 8.83 (Bencubbin:
9.31, HaH 237: 8.35), the CR chondrite Acfer 209 has a MUD value of 19.54 and the ungrouped
chondrite Acfer 094 has a MUD value of 19.9. These values cannot be used to compare the
fabric of these meteorites due to limited datasets, but do reveal a similarity of crystal structure
distribution in CB meteorites.
GSFD results suggest that CBa metal condensed from an impact plume and CBb metal condensed
from a nebular cloud into the same parent body. This body was subsequently impacted deforming
and melting both metal types, but temperatures remained low enough to allow the retention of
some crystallographic diﬀerences from their original condensation, and the presence of martensite
at their cores. Evidence for nebular condensation was found in the zoning profiles of HaH
237 metal grains. However deformation, preferred orientation, melting and shock evidence in
Bencubbin and HaH 237 suggest that zoned FeNi grains likely condensed from a large impact
plume which created interstitial material welding together large FeNi metals and silicates.
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7.1.2 Complex Thermal Histories of Meteoritic Metal - An Overview
Metal grains are a common component in most meteorite types and as such contain evidence
of processes which ultimately establish their origins. Here is outlined the general formation se-
quence and incorporation of FeNi metal into meteorites based on previous literature, integrated
with the chemical, crystallographic and grain-size analyses conducted in this work. The CH and
CB meteorites in this study include particles which have experienced varying thermal histories
and redox conditions during condensation. Remarkably, these particles are found attached to
one another. A similar scenario was found by Goldstein et al. (2007) analysing the microstruc-
ture and thermal history of metal particles in CH chondrites. Goldstein et al. (2007) proposed
a two-stage thermal history for metal grains in CH chondrites which results from this study
support for the CH/CB Isheyevo and CBs Gujba, Bencubbin and HaH 237, which preceded a
period of shock which melted interstitial material on the parent body.
Mass accretion rates through the protoplanetary disk onto the sun were high in the early stages
of nebular evolution. Temperatures near the mid-plane of the disk were high enough to vapourize
precursor dust. Gas moved from the mid-plane to cooler higher regions. The high metal con-
tent and metallic chondrules with Cr-bearing troilite inclusions in most CB meteorites suggest
that the metal grains and metallic nodules condensed from the rising gas solar nebula. Metal
grains and chondrules condensed in these parcels of rising gas, Krot et al. (2000); Meibom et al.
(2000a). Condensation most likely produced unzoned FeNi grains in the CH and CB meteorites
in a period of heating and cooling which occurred over a time scale of a few days. A stellar wind
transported FeNi metal grains and chondrules to cooler nebular regions where they could exist,
as it is unlikely they could survive regolith gardening. Some of these grains were reheated to
∼530–730◦C.
This short time interval supports the possibility of an impact onto the parent body (at which
point zoned FeNi grains condensed from a vapour plume) as the source of heat which is consid-
ered as stage two of the thermal history of meteoritic metal. This is consistent with metal grains
found in Gujba which have an average circularity of 0.74 indicative of a formation by surface
tension and hence a liquid droplet origin. Condensation of these liquid droplets is thought to be
likely from an asteroid collision impact plume (Kallemeyn et al., 2001).
The absence of S in zoned grains indicates the element’s late condensation. This is significant
for Acfer 094 matrix material which is host to sulphide-rich regions as observed in nanoSIMS
analyses. Sulphide-rich regions exist due to material not reaching high enough temperatures to
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evaporate S and essentially escaping processing. Circularity frequency distribution plots of S
grains in Acfer 094 reveal an average circularity of 0.9 supporting a condensation formation and
consequent symmetrical grain growth.
Low pressures allowed silicates to condense before metals. When the temperature decreased, un-
zoned grains were able to condense. Unzoned grains cooled slowly and had little low-temperature
metamorphism and reduction. Amorphous material in Acfer 209 and Acfer 094 begins to form
at this stage as it’s abundance in samples indicates that the meteorites were exposed to a limited
amount of alteration at low temperatures for short periods. It is at this point that sub-µm FeNi
metal grains formed corrosion pits on their rims with a depletion of Fe and an enrichment of
Ni and O. The zoned metal grains in CB chondrites cooled too rapidly to support the Wid-
mansta¨tten pattern. During this time some grains underwent mechanical deformation such as
observed in the decomposing FeNi metal grain in HaH 237 which has internal equant grains with
misorientations higher at the grain boundary than the core suggesting sub-rotation recrystalli-
sation. A characteristic lack of P was detected in this metal grain which greatly influences the
nucleation temperature, reaction process and diﬀusion rate of Ni facilitating it’s decomposition
from the taenite fcc phase into kamacite bcc phase. Other grains were reheated and recrys-
tallised at ∼530–630◦C subsequent to deformation.
Alignment and occasional strong deformation of metal and chondrules are features found in HaH
237 (Meibom et al., 2005). Flattening and particle alignment is strong evidence for mechanical
deformation. Circularity distribution frequency plots showed that Gujba, Bencubbin and HaH
237 all experienced a similar thermal event, with Bencubbin values varying slightly indicating
a diﬀerent maximum temperature. Additionally, all three chondrites have a common mode in
their aspect ratios of 1–1.5 pointing to a common deformational event. Metals and silicates
experienced a similar event as both grain types are preferentially oriented with strong aspect
mode ratios. SEM imaging revealed that silicates in CB chondrites have retained their shape
better than metals as a result of their higher shock absorption thresholds. Metal deformation is
a product of high metal density and high shock pressures.
Close-packed grains, grain alignment and deformation all indicate that HaH 237 experienced
some form of light (S2–S3) shock metamorphism (Meibom et al., 2005). Any matrix material
present before the shock is preferentially melted since metal and silicate have varying shock
impedances. FeNi metal grains and silicates in HaH 237 are held together by these shock melts
where metal and silicate melt are immiscible. Furthermore, Acfer 094, CH and CB metal grains
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are all reported to contain martensite at the centre of FeNi metal grains. Martensite forms by
quenching from high temperature conditions and it’s texture will decompose sequentially into
kamacite and plessite under low temperature conditions (Reisener et al., 2000). The presence of
martensite and lack of plessite indicates a short thermal event and shock period on the parent
body of these CH, CB, CR and ungrouped meteorites.
Further support for a short thermal event is observed by Stoﬄer et al. (1991) who distinguished
three separate types of melts; shock veins, melt pockets and melt dikes. Shock melts and veins
are a result of in-situ melting of mineral constituents with a thin opaque texture composed
of polycrystalline material and were observed in all of the meteorites studied in this thesis.
Shock veins and melts have been studied primarily in ordinary chondrites and since the olivine
contained within these meteorites has only planar fractures and undulatory extinction, it is
concluded that these veins formed at fairly low-equilibration shock levels, consistent with the
presence of martensite. The close proximity of zoned metal grains and melt observed in HaH 237
suggests that the average temperature of the meteorite did not increase significantly during the
shock event. The porosity of silicate/matrix interstitial material facilitates higher post-shock
temperatures than metal. This results in the melting of interstitial material, localised heating
of metastable FeNi grains and the retention of zoning profiles in adjacent metallic grains. This
behaviour has been observed before by Petaev et al. (2007) and Meibom et al. (2005).
Metal in the CR chondrite Acfer 209 and ungrouped Acfer 094 does not occur in the same
sheath-like clasts that are found in the CH/CB meteorites, and therefore does not display con-
trasting microstructures in adjacent grains. However, meteoritic metal in Acfer 209 and Acfer
094 displays variation between chondrule-associated metal and matrix metal suggestive of unique
stages of formation and shock events. The contrasting microstructures of adjacent and nearby
FeNi metal grains in CH, CB, CR and Acfer 094 meteorites results from brecciation which
juxtaposes material that has underwent and escaped reheating events resulting in the complex
microstructures observed in this work.
7.1.3 Implications and Constraints on Solar Nebula Models
CAIs of varying mineralogy, texture and shape were observed in Acfer 094 suggesting there
were multiple episodes of CAI formation. Evidence for condensation (i.e. zoning profiles) is
considered to be a product of condensation out of an impact vapour plume. However, HaH
237’s lognormal GSFD behaviour suggests it’s origin to be of nebular condensation. For this
discussion we assume that zoned FeNi-metal grains in HaH 237 formed by gas-solid condensation
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in a solar nebula region with an initially enhanced dust/gas ratio (∼1–50 x solar) (Krot et al.,
2001; Petaev et al., 2001; Petaev and Wood, 2001). “Dust” is defined here as a solid phase con-
taining all the elements in cosmic proportion except H and the noble gases Anders and Grevesse
(1989). This region of the nebula experienced complete evaporation during a large-scale thermal
event. Metal-free barred olivine and cryptocrystalline chondrules in HaH 237 are thought to
have formed in the same nebular region prior to condensation of FeNi metal (i.e. at high ambi-
ent nebular temperatures above the condensation temperature of metal ∼1500 K) and escaped
subsequent remelting. Both FeNi metal and chondrule components remained isolated from the
cooling nebula gas before temperatures dropped below ∼1200 K (Krot et al., 2001). Therefore
elements which condensed at lower temperatures were not substantially incorporated into metal
or chondrules. Fast accretion of FeNi metal into planetesimals at high ambient temperature is
excluded as a mechanism for preventing condensation of moderately volatile elements by the
metastable nature of zoned metal grains.
Metal-rich chondrules in Acfer 209 and other CR chondrites likely formed at high ambient tem-
peratures when condensation of the major chondrule-forming elements (Mg, Si, Na and K) was
incomplete. FeNi metal grains encountered metal-silicate reequilibration and melting. During
chondrule formation these grains may have been aﬀected by evaporation and partial reconden-
sation but still retain the condensation signature of their initial formation. It is most probable
that these components were isolated from the cooling nebula prior to S condensation since there
is a notable lack of sulphides in these components.
Fine-grained matrix material in HaH 237 is heavily hydrated and shows no complementarity to
chondrules which escaped aqueous alteration (Meibom et al., 2000b). This suggests that matrix
material was absent from HaH 237 chondrule forming regions and they were subject to hydration
before incorporation into the CB parent body. This is consistent with the X-wind model for the
formation of chondrules which predict no heating of matrix grains or any correlation between
matrix and associated chondrules. In contrast, matrix material does show compositional com-
plementarity to chondrules in Acfer 094 and Acfer 209 suggesting material for both components
formed in the same region of a nebula which was already depleted in volatile and moderately
volatile elements (Bland et al., 2005). This conforms to the shock model where material formed
on the disk predicting the presence of condensate grains and chondrule-matrix complementarity.
Aqueous alteration has aﬀected all components of both Acfer 094 and Acfer 209 suggesting that
alteration occurred, at least partly, in situ. Mn-Cr dating of carbonates in the Kaidun breccia
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suggest an early onset of aqueous alteration within ∼1 Ma of CAI formation (Weisberg et al.,
1994). However, extensive alteration is likely to cause a redistribution of elements between
chondrules and matrices placing some ambiguity on the potential for a genetic relationship
between these components.
7.1.4 Primitive Samples on a Sub-µm Scale
FeNi metal grains are particularly susceptible to alteration by an aqueous fluid and their existence
in matrices are often used as an indicator of the pristine nature of samples. However, TEM
results of the primitive carbonaceous chondrite Acfer 094 revealed sub-µm metal grains with
irregular edges and areas of pitting corrosion consistent with the interaction with a fluid. These
features are unobserved in larger FeNi metal grains. Grain rim embayments were enriched in
O and Ni, and depleted in Fe. Complete alteration of these FeNi grains was prevented by the
local geochemical environment which allowed protecting layers of Cr and Ni to form, thereby
reducing the chemical reactivity of Fe metal when exposed to water. As such, only high-resolution
techniques such as TEM and nanoSIMS can detect this scale of alteration. Therefore although
samples may appear unaltered with low-resolution analyses, it is clear that sub-µm evidence
exists which may have significant implications for meteorite formation theories.
7.2 Suggestions for Further Work
7.2.1 Metals & Sulphides Can Constrain Nebular Conditions
Condensation modelling of metal and sulphide in the solar nebula shows that the condensation
temperature of metal varies with total pressure but remains unchanged in sulphides. It was pro-
posed (P.A. Bland, personal communication, 2009) that nebular pressure could be constrained
through nanoSIMS analyses of trace elements which have partitioned into various phases.
Due to it’s primitive nature the matrix of Acfer 094 is believed to lay host to material condensed
from the solar nebula. Elements with aﬃnities to chalcophilles and siderophiles may condense
from a solar compositional gas into troilite (FeS). If no troilite is present they will seek out metal
to condense into instead. As metal condenses at higher temperatures than troilite, elements such
as Te and Pb will reside in metals until the temperature drops to the point where troilite can
condense. The partitioning of a few elements can constrain nebula pressure thereby facilitating
the calculation of initial nebula mass, chondrule formation, volatile depletion mechanisms and
the rate of planetary accretion. Preliminary work (P.A. Bland, 2008) at the nanoSIMS at
Washington University showed Te associated S in Acfer 094 matrix. A complete study could
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essentially utilise trace elements in metals and sulphides as a geo-barometer.
7.2.2 Further Constraining Metal Origin & Cooling History
Goldstein et al. (2005) constrained the origin and cooling history of metals in CH chondrites
based on textural patterns. EBSD oﬀers higher resolution analyses of these textures and could
more reliably constrain these parameters. Textural analysis of metals in achondrites could
constrain the size and cooling rate of parent asteroids. Achondrites originated from asteroids
which experienced melting due to their large heat-retaining volumes and early formation. EBSD
analyses would provide basic constraints on planetary formation providing a relative timescale
for the formation of other meteorite types.
7.2.3 Numerical Modelling Based on CSD Plots
Inflection in classic CSD plots indicates a period of annealing, while concave down plots signify
the end of a period of crystallisation. Linear CDF plots or lognormal distributions are indicative
of size sorting, condensation or Ostwald ripening. Similarly, a fractal plot which follows a power-
law indicates solid state deformation of crystals or an origin due to comminution. CSD results
for primitive meteorites, which have largely escaped parent body processes, can be used to
numerically model grain-sizes, dust densities and impact velocities in the solar nebula. Models
could provide constraints on the residence and generation times of fragmented or annealed
populations, and consequently infer nebular conditions.
7.2.4 Characterising Secondary Processes with nanoSIMS
NanoSIMS element maps of Acfer 094 matrix components presented in this thesis reveal abun-
dant evidence of secondary processes such as aqueous alteration, thermal metamorphism and
shock. A concentrated mapping of individual components would help identify and characterise
these processes in other meteorites.
7.2.5 Creating an Electronic Library of Meteorite Samples
CT scanning is a quick and non-destructive method for recording the structure of a meteorite.
Ideally, entire meteorite collections could be scanned and stored online available for public access.
This is currently financially unrealistic due to high operational costs. With improved technology
this may be a consideration for the future.
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